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I.  INIBOODCnCN 


rivet  failure  to 

cxuplete  engine  failure,  have  the  potential  to  result  in  loss  of  the 
aircraft  and  personnel.  Accurate  deteimination  of  the  cause  of  the  failxire 
may  yield  information  that  will  prevent  similar  future  failures  from 
occurring.  It  is  helpful  for  the  investigator  to  have  a  data  base  of  known 
failure  modes  to  draw  from  in  forming  his  conclusions.  -//  ^  ‘ 

Severed  handbooks  are  presently  available  to  investigators,  offering 
scanning  and  transmission  electron  microscepe  fSEM  and  TEM)  fractographs  of 
allays  ccranonly  enployed  in  airframes  and  aircraft  engines.  Ihe  two  primary 
Tdr  Force  failure  analysis  handbooks,  "Electron  Fractography  Handbook"  and 
"SEIVTEM  Fractography  Handbook",  were  published  in  1965  and  1975, 
re^)ectively. 


V Aircraft  service  failures  of  any  type,  from  a  sinple 


2.  cxiJBcrrvE 

Ihis  program's  objective  was  to  create  an  updated  volume  of 
fractography  of  allays  that  are  presently,  or  in  the  near  future  will  be, 
used  in  USAF  aircraft.  Ihis  volume  addresses  how  differences  in  material 
and  service  conditions  will  affect  the  fracture  appearance  of  service 
failures,  relative  to  the  fractography  generated  under  controlled 
laboratory  conditions.  Additionally,  the  volume  contains  an  annotated 
reference  section  of  sources  for  failure  analysis  data. 


3.  IDOGHAH  [£SCRimQN 


Ihis  program  consisted  of  three  tasks,  requiring  24  months  of 
technical  effort.  Task  I  involved  generatir^g  ani  characterizing  fracture 
surfaces  under  controlled  laboratory  conditions.  Test  conditions  and 
procedures  for  teixsile  (smootli  and  notched) ,  HCF  (smooth  and  notched) ,  WF, 
WF,  high  temperature  fatigue,  stress  rupture,  stress  corrosion  cracking 
and  hydregen  embrittlement  were  defined,  ^^aterial  was  acquire,  machined 
into  the  jieoessary  specimens  and  tested  to  produce  the  required  fracture 
surfaces.  Finally,  the  fracture  surfaces  were  characterized  by 
maeaxphotography,  electron  microscepy  and  metal lograpliic  techniques. 

Task  II  involved  tlie  interpretation  of  the  fracture  surfaass  generated 
in  Ihsk  I.  Ihe  appearance  of  the  laboratory  induced  fractures  were 
discussed,  relative  to  ejqsocted  changes  in  appearance  resulting  from 
differences  in  such  variables  as  tenperature,  stress  conditions,  strain 
rate,  geometry,  manufacturing  variables,  microstructure,  surface 
conditions,  and  alloy  oentamination.  Examples  of  service  failures  are 
included  in  this  area.  Ihese  service  failures  were  selected  to  closely 
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r^resent  or  ocnpliment  the  pedigree  failures  frcm  Task  I.  These  failures 
were  taken  frcm  contractor's  internal  data  base. 

T^isk  III  generated  a  literature  survey  of  informaticxi  of  use  to  the 
failvire  analyst.  This  was  used  to  create  an  annotated  reference  section, 
detailing  sources  for  ^iecific  information.  Basic  informaticsi  about  hew  to 
perform  a  failure  analysis  and  interpret  fracbographs  are  presented, 
resulting  in  a  text  that  may  serve  as  a  starting  point  for  any  failure 
investigation. 
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U.  fMUIRE  AN^SIS  TECHNIQUES  AND  MEIH)C6 

The  techniques  and  nethods  used  in  failure  analysis  and  fractography 
have  been  well  documented  in  a  number  of  books  and  articles.  Many  of  these 
have  been  included  in  Section  V,  the  Reference  section.  Reference  numbers 
1-4,  7,  9,  15,  20  and  22  are  particularly  afpropriate. 

1.  AFFRQACHES  TX)  EftHIlRE  ANALYSIS 

A.  OcoiQcn  Sense  i^proach 

A  ocinmon  sense  approach  to  failure  analysis  works  well  in  most  cases. 
The  goal  is  to  ensure  that  all  needed  documentation  and  measurements  are 
done  prior  to  any  destructive  examinations.  The  following  chronological 
list  of  possible  steps  or  "recipe”  to  help  to  avoid  leaving  out  an 
important  st^: 

o  Collect  backcoround  information,  data,  history,  documentation  and 
samples.  This  should  include  apprcpriate  photographic 
documentation,  oollectic»i  and  protection  of  fractured  or  failed 
oompcnents,  and  collection  of  specimens  for  chemical  analysis, 
sudi  as  corrosion  products  or  corrosive  agents.  Question  pecple 
at  the  scene  vho  have  knowledge  about  or  witnessed  the  failure. 

o  Determine  primary  and  secondary  damage.  This  must  be  done  by  the 
on-site  investigator,  who  may  or  may  not  be  a  failure  analyst. 
Even  in  ccnplex  failures,  it  is  usually  possible  to  determine  a 
primary  source  of  the  damage.  Get  help  from  those  wfw  best  know 
and  understand  the  hardware. 

o  Examine  failed  components.  Use  a  good  stereo  binocular 
microsccpe  to  carefully  ejttutiim  tire  failed  parts  and  fracture 
surfaces.  Serious  failures  often  inspire  a  flurry  of  activity 
during  whidi  pertinent  data  and  observations  may  be  missed.  It 
may  be  advisable  to  have  more  tlian  om.  person  examine  the 
Ixard^-rare  independently. 

o  Measure  and  inspect  failed  cxsT^x^nents.  Where  possible,  nmke 
pertinent  physical  mfsasuremcjits  of  failed  cartfxsaGnts.  Use 
selected  ncMidestructive  inspection  (NDI)  techniques  bo  look  for 
additioi'ial  cracks,  secondary  cracte  or  damage.  Such  techniques 
include  fluorescent  magnetic  particle  in^^ection  (MPl) , 
fluorescent  penetrtuit  inspection  (ITI),  X-ray  radiography, 
ultrasonic  ins^xiction  and  eddy  current  inspection. 

o  Examine  fracture  surfaces  mlctx>scopicallv  to  determine  nxdes  and 
orioins.  This  can  be  either  a  nondestructive  or  a  destructive 
step,  depending  on  ^^ecimen  size  and  the  type  of  microscope  used. 
Smaller  specimens,  on  the  order  of  an  inch  cube,  will  fit 
directly  into  most  modem  scanning  electron  micrcsoopes  (SEM's) . 
larger  specimens  may  need  to  be  cut  down.  Rcateraber  to  protect 
fracture 
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surfaces  during  cutting  c^ierations.  Cutting  is  not  required  for 
transmissicxi  electrc«  microscopes  (TEM's),  since  r^licas  of 
fracture  surfaces  are  examined. 

o  Examine  metalloaraphic  sections.  This  is  usually  a  destructive 
st^,  althcu^  surface  spot  polishing  may  be  ncndestructive. 
Mica^ostnictural  evaluaticai,  grain  size  measurement  and 
micrchardness  testing  should  be  done  at  this  time. 

o  Determine  cause  of  failures.  Althou^^  examinaticxi  of  fracture 
surfaces  will  usually  determine  a  itcde  of  failure,  such  as 
material  overstress  or  fatigue,  the  fundamental  cause  of  the 
failure  may  not  be  obvious.  Work  with  project,  test,  design  and 
structural  engineers  as  needed  to  determine  the  cause  of  failure. 

B.  logic  Networks,  Fault  Trees  and  Other  Approaches  to  Failure 
Analysis 

Ihe  common  sense  approach  to  failure  analysis  works  well  enou^i 
most  of  the  time,  at  least  for  simpler  failures.  However,  for  more 
ccnplicated  or  oorplex  failures,  or  failures  involving  large  numbers  of 
components,  a  more  sophisticated  approach  may  be  helpful. 

George  (46)  developed  a  chart  in  vhich  he  divided  and  subdivided 
various  causes  of  failure  of  metallic  compoTents.  Failure  categories 
included  fracture  aixi  nonfracture,  tenperature,  mechanical  (stress)  and 
corrosion  (environment) ,  and  defects  in  design,  manufacturing  and  assathly. 

Oollins,  Kagan  and  Bratt  (47)  described  a  method  they  called  the 
•‘failure-eiqperience  matrix.”  This  matrix  was  a  three-dimensionad  array  of 
cells,  with  failure  modes  along  wie  axis,  oorcponent  mechanical  function 
along  a  second  axis  and  corrective  actiom  takeui  alor¥g  the  third  axis.  Ohe 
matrix  was  used  to  help  categorize  failure  analysis  data  for  a  large  number 
of  failed  helicopter  oonpcwiej^ts.  Even  so,  tlie  n^atrix  was  sparsely 
populated.  If  more  data  wei-e  available,  a  desigixjr  could  enttar  the  matrix 
witli  a  ooiiponent  of  particular  function  and  easily  fiird  cut  the  known 
failure  modes  and  possible  oorroctive  actions. 

louthan  (48)  applied  Fault  Ttxjo  tedmigues  to  the  failure 
analysis  of  high  strength  lew  alloy  (HSLA)  steels,  <3Tplrasizing  stress 
corrosion  cracking  and  hydrogen  embrittlemeirt.  He  defined  a  fault  tree  to 
be  "a  graphical  technique  that  provides  a  systematic  description  of  the 
conhinations  of  possible  occurrences  in  a  systesn  which  can  result  in  a 
fault  or  undesired  event,”  in  tins  case,  a  failure. 

Jacksoj'j  et  al.  (49)  applied  Kepixjr-IYegoe  methodology  to  the 
failure  analysis  of  boiler  tubes.  They  used  Kcpr>er-Tregoe,  a  systaltic 
problem-  solving  methodology,  to  help  identify  root  cause  of  failure, 
in  addition  to  identifying  the  mate. 

Raghuran  and  Shamala  (50)  reviewed  the  fault  tree  todmique  and 
t)ie  failure  eaq^erience  matrix  as  applied  to  failure  airalysis.  Again,  the 
anphasis  was  to  go  beyond  determining  tlie  mode  of  fracture,  to  the  root 
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cause  of  the  failure,  then  using  this  infomaticai  effectively  to  help 
prevent  future  failures. 

Smith  and  Grove  (51)  aj^lied  failure  analysis  logic  networks  (FALN)  to 
the  failure  analysis  of  coiposite  materials.  logic  networks  are  related  to 
fault  trees  and  flow  charts,  in  that  they  can  help  guide  failure  analysts 
through  the  various  nondestructive  and  destructive  analysis  techniques  and 
procedures  that  are  available. 

Figure  II-l  shews  a  modified  version  of  Smith  and  Grove's 
sublogic  network  for  fractography,  illustrating  how  the  technique  can  be 
applied  to  metals.  The  more  scphisticated  and  systematic  approaches  to 
organization  and  ai'»alysis  of  metallic  failures  have  merit,  particularly  for 
catplex  failures.  less  cenplex  -failures  may  not  warrant  or  require  the 
additicml  time  and  effort. 


FIGljPE  II~1:  Modified  version  of  SmiUi  and  Grove's  sublogic  network  for 
fractograpiiy.  lha  network  has  been  modified  for  application  to  metaLs. 
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2.  my  HAI{DLIN5  OF  FKACHIBE  SURFT^CES 


A.  Preservaticn  and  Handling  of  Fracture  Surfaces 

Many  of  the  significant  features  on  fracture  surfaces  are  microscc^ic 
and  must  be  protected  from  mechardcal  und  environmental  damage.  Lew  alloy 
steels  have  little  inherent  corrosicsi  resistance  and  jnust  be  protected  from 
even  atmo^heric  corrosion  by  covering  with  oil  or  grease,  providing 
moisture-free  storage  or  applying  a  protective  ^ray  coating,  such  as 
KTylon  Crystal  Clear  (Borden,  Inc.).  Any  coating  used  must  be  totally 
soluble  in  an  organic  or  other  mild  solvent.  Fortunately,  m^  other 
aerospace  edloys  possess  good  atmospheric  corrosion  resistanoe. 

To  prevent  roechaniceil  damage,  each  fracture  surface  should  be  placed 
in  a  s^)arate  paper  envelope  or  plastic  bag.  Fracture  surfaces  on  larger 
parts  may  be  covered  with  cloth  or  cardboard.  Resist  the  tenptation  to  fit 
the  two  halves  of  the  fracture  back  together,  as  this  could  damage 
microsccpic  features.  Do  not  pick  at  the  fracture  surface  with  tweezers  or 
other  instruments.  Any  unne:essciry  contact  with  the  fracture  surface 
should  be  avoided  because  acids  or  other  contaminants  on  the  hands  could 
damage  fine  features. 

B.  Cleaning  Fracture  Surfaces 

When  possible,  cleaning  of  fracture  surfaces  should  be  avoided, 
especially  where  analysis  for  contaminant  elements  or  corrosicMi  products 
may  be  required.  If  a  fracture  surface  is  covered  by  loosely  adherent  dust 
or  dirt,  a  soft  natural  fiber  brush  may  be  used.  Dry  compressed  air  is 
also  useful  for  removing  loose  contamination.  Do  not  use  stiff  plastic 
brushes  or  any  kind  of  metal  brush  because  plastic  can  be  embedded  in  the 
fracture  and  metal  can  mechanically  damage  the  features.  If  dried  mud  is 
present  on  the  fracture,  warm  soapy  water  and  a  stiffer  natural  fiber  brush 
may  be  used.  Parts  should  be  immediately  rinsed,  dried  with  dry  oenpressed 
air  and  rqprotected. 

Oils  and  grecises  may  be  removed  by  organic  solvents,  such  as  mineral 
spirits  or  a  vapor  degreasing  agent  such  as  trichloroethane.  Final 
cleaning  just  prior  to  examination  in  the  SEM  is  often  done  ultrasonically 
in  alcohol  or  acetone. 

An  alternate  method  of  cleaning  is  to  repeatedly  replicate  the  area  of 
interest  with  cellulose  acetate  replicating  tape.  Each  time  the  dried  tape 
is  removed,  the  fracture  beocmes  cleaner.  Carefully  renvove  the  tape, 
especially  on  router  surfaces  to  avoid  tearing  the  tape  and  leaving 
remnants  behind.  Leaving  a  final  application  of  tape  on  the  surface 
affords  extra  protection  until  it  is  time  for  examination. 

A  general  rule  is  to  use  the  gentlest  and  mildest  cleaning  procedures 
possible.  Any  corrosion  or  attack  of  the  base  nctal  by  a  cleaning  agent, 
even  on  a  microscopic  scale,  will  probably  dcuiiago  the  fracture  surface.  If 
the  fracture  surface  is  severely  corroded  or  oxidized,  the  diances  are  good 
tiiat  any  fracture  features  have  already  been  destroyed,  and  cleaning  will 
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nc3t  restore  them.  However,  overall  or  general  features,  such  as  chevron 
markings  or  fatigue  thumbnails,  may  remain. 

C.  Bceakij^  Open  Cracks. 

In  order  to  perform  fractography  on  a  crack,  the  crack  must  first  be 
broken  open  to  e^^jose  the  surfaces.  Ihe  usual  afproach  is  to  estimate  the 
length  and  d^jth  of  the  crack,  notch  or  cut  the  part  to  near  the  ends  of 
the  crack  and  the  bottan  of  the  crack,  and  to  open  up  the  crack  without 
smearing  the  crack  surfaces  together.  It  is  often  convenient  to  cut  a 
V-rvjtch  cn  the  back  side,  away  from  the  crack,  then  squeeze  the  V  shut  with 
pliers  or  a  vise.  See  Figure  II-2.  Methods  of  cutting  include:  hack 
saws,  abrasive  cutting  wheels,  dremel  tools,  air-pcwered  hand  grinders  and 
metallogr^iuc  cut-off  machines. 


Cracked  Specimen 


Cut 

And 


Out  Notch 
Squeeze  Together 


Mark  Notch 
Opposite  Crack 


Crack  Will  Open 
Without  Damaging 
The  Features 


FIGURE  II-2:  Sd^eanatic  showing  technique  for  qponing  a  crack  without 
damaging  surface  features.  The  extent  of  the  crack  is  estimated  and  a 
V-sliaped  notch  is  drawn  on  the  side  opposite  tlie  crack.  The  notch  is  then 
cut  out  and  the  two  halves  are  squeezed  together  to  open  tlie  crack. 
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3.  VIS[]AL  EXMONATICM  TEXmCQUES 


A.  No  Magnification  Exzaitinaticn  -  Field  Examination  Teciinigoes 


Many  failure  analysts  seldom  get  into  the  field.  Parts  or  cxmponents 
are  brou^t  to  them  for  examination.  This  probably  is  because  much  of  the 
ecjuiproent  needed  for  modem  failure  analysis  is  not  portable.  When  field 
activity  is  required,  the  failure  analyst  must  pay  close  attention  to 
detail. 

o  Take  time  to  carefully  lcx3k  over  the  site  and  try  to  determine 
which  damage  is  primary  (oocairred  first)  aiid  vMch  is  seccaidary 
(cxxurred  later  or  as  a  result  of) .  Dcxament  the  failvure  site 
with  still  photographs  and  sketches  to  shew  the  layout,  and 
recx)rd  distance  measurements. 

o  Ask  ejuestions  and  talk  to  witnesses  to  learn  service  history  and 
sequenoe  of  e’/ents  leading  up  to  the  failure.  Record  this 
information  in  writing  or  with  a  tape  or  video  recorder. 

o  Collect  and  protect  specimens  for  further  analysis.  Methods  of 
preserving  fracture  surfaces  were  discussed  in  Secticsii  2A. 
Specimens  for  chemical  analysis,  such  as  corrosion  prociu<3ts  or 
corrosive  agents,  should  be  placed  in  glass  or  plastic  bottles, 
or  plastic  bags.  Dry  specimens  may  be  placed  in  paper  envelopes. 

o  Select  other  parts  or  oonponents  for  further  examination.  Mating 
or  related  hardware  may  require  laboratory  examination  for  cracks 
or  other  damage.  In  aerospace  failures,  entire  er»3ines  and 
airframes  are  often  recovered. 

B.  Hacrosoopic  Examination 

Macrcsoopic  examinatiai  of  fracture  surfaces,  cracks  or  other  damage 
is  a  very  inportant  aspect  of  failure  analysis,  ihe  instrumentation  used 
depends  on  vhere  the  examination  is  to  be  done. 

o  In  the  field  or  in  a  shep  setting  wliere  a  stereo  microscqpe  may 
not  be  available,  a  haid-held  n\agnifying  glass,  perhaps  with 
battery  powered  illuininaticm,  is  a  good  alternative. 
Magnification  is  usually  about  lOX,  although  anytl^ing  up  to  about 
15X  may  be  used.  Higiier  magnilication  lenses  or  saiftall 
microscopes  are  usually  not  helpful  because  they  are  difficult  to 
hold  steady  and  because  illumination  is  difficult. 

o  Stereo  microsoepes  are  the  best  dioice  for  macroscopic 

examination  of  fracture  surfaces.  Ihe  three-dimensioral  effect 
lends  deptii  to  features  and  appears  to  inprove  resolution.  Sate 
mierrosoopes  have  fixed  magnifications,  while  others  have  "zoan” 
capability,  v4iich  allows  the  analyst  to  identify  areas  of 
interest  at  lower'  magnification,  tlien  examine  finer  features  at 
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hi^er  magnification.  Magnification  ranges  vary  frcm  about  5X 
to  as  hii^  as  lOOX  for  some  instniments.  Illumination  is  another 
inportant  factor.  Ctolique  illumination  often  brings  out  fracture 
surface  details  better  than  more  direct  lifting,  but  it  is 
cxxTvenient  to  have  both  capabilities. 

o  Macroscopic  photography  is  another  inportant  tool  for  the  failure 
analyst  because  it  can  permanently  document  failed  parts  and 
fracture  surfaces  and  provide  photographs  for  presentation  of 
results.  A  4  inch  X  5  inch  camera  works  much  better  than  a 
35-iiim  camera  for  this  because  the  larger  negative  can  record  more 
detail.  Black-and-vMte  Polaroid  film,  preferably  that  viiich 
yields  a  negative  (lype  55) ,  works  well,  because  you  can 
immediately  see  if  the  photograph  captured  \^t  you  wanted  to 
shew.  Color  photography  is  sometimes  advantageous,  particularly 
to  show  oxidation  or  corrosion  product  hues. 

Several  interchangeable  lenses  are  needed  to  cover  a 
magnification  range  of  1/8X  to  30X.  Illumination  is  again 
inportant,  with  oblique  li(^ting  better  in  some  instances  and 
more  direct  lifting  better  in  others.  Fixed  illumination  is 
aoo^table  for  many  lower  magnification  photographs,  but  the 
technique  of  "painting"  often  works  better  for  hicher 
magnification  photograjiis.  Painting  is  a  technique  vhere  tlie 
camera  shutter  is  opened  in  a  darkened  room  and  light  is  applied 
to  the  part  or  fracture  surface  by  waving  or  playing  a 
oonoentrated  light  source,  such  as  a  snail  l»ilb  or  flood  li^t, 
over  areas  of  interest,  eitphasizing  and  hii^ig^ting  desired 
features. 

C.  Macrosoopic  features 

Start  viewing  fractured  harc^»/are  at  low  magi^ifications  and  progress  to 
higher  magnifications.  Look  for  evidence  of  plastic  defomation  or  distor¬ 
tion.  Ductile  materials  that  tave  fractured  due  to  material  cverstress 
(overload)  usually  exhibit  plastic  deformation,  while  brittle  materials 
usually  do  not.  Fatigue  fractures  of  even  fairly  ductile  materials, 
however,  may  not  exhibit  deformation.  Ihe  presence  of  a  significant  shear 
lip,  or  angled  ridge  along  the  edge  of  a  fracture  surface,  is  also  a 
measure  of  diKjtility  and  can  indicate  the  area  of  the  section  that 
fractured  last. 

ttie  of  the  things  to  look  for  cxi  a  fracture  surface  is  directicxiality. 
Do  the  features  appear  to  be  eitanating  frem  a  single  area  or  starting  point 
called  an  origin,  or  perhaps  from  multiple  origins?  Overstress  fractxires 
of  brittle  materials  often  exhibit  a  chevron  pattern  (Section  III,  Figure 
III-17)  of  nested  letter  V*s,  or  herringbone  pattern,  that  points  back 
towards  the  origin,  overstress  fractures  of  more  ductile  materials 
sometimes  exhibit  teau:  ridges  or  cleavage  steps,  lines  that  terxi  to  emanate 
from  an  origin  area. 
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Progressive  fractures  ray  esdiibit  arrest  lines  or  arrest  rarlcs  (Figure 
II~3) ,  sonetimes  referred  to  as  beach  narks  or  clamshell  marks.  These  are 
places  vhere  the  crack  arrested,  the  loading  changed  or  the  enviromnent 
changed,  and  appear  as  irregular  elliptical  or  semi-elliptical  rings 
radiating  outward  from  one  or  more  origins.  Fatigue  fracture  surfaces 
often  ejdiibit  a  series  or  even  many  arrest  lines,  vhile  stress  oorrcsion 
fracture  surfaces  may  eJdiibit  none  or  only  a  few.  Even  those  progressive 
fractures  that  do  not  shew  a  series  of  arrest  lines  may  esdiibit  the 
elliptical  or  semi-elliptical  shape,  surrounded  by  the  final  fracture  at 
critical  crack  size  due  to  material  overstress. 

Finally,  ductile  fractures  often  ejdiibit  a  fibrous  or  silky  smooth 
tejcture  at  lower  magnifications  (Section  III,  Figure  III-5)  due  to  their 
transgranular  nature.  Some  brittle  fractures,  particularly  elevated 
tenperature  fractures,  ejdiibit  an  irregular  or  rou^  granular  texture 
because  of  their  intergranular  nature. 

Fracture  tapping  is  a  technique  often  enployed  to  help  analyze 
ccnplicated  failures  of  structures  like  bridges,  pressure  vessels,  aircraft 
airframes,  ccaiposites  and  rocket  motor  cases.  Chevron  itarks  or  other 
fracture  features  are  used  to  determine  macrosccpic  fracture  directions  on 
individual  fragments  and  these  are  oembined  on  an  overall  map  of  the 
fracture.  This  map  hcpefully  will  shew  the  fracture  enanating  from  a 
primary  origin  area.  The  usefulness  of  this  technique  is  illustrated  in 
Figure  II-4,  a  photograph  of  a  reconstructed  titanium  alloy  ccnpresscar  disk 
that  burst  during  proof  testing  at  cryogenic  tenperature. 


FAL  93833  MAG:  3X 


FIGURE  II-3:  Arrest  marks  on  the  epened  surface  of  a  fatigue  crack.  The 
spacings  between  arrest  marks  become  narrower  as  the  crack  progresses 
through  a  thicker  section  (arrow) . 
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FIGURE  II-4:  Rficsonstrucrbed  cjompressor  disk  that  fractuined  during  cryogenic 
proof  testing,  Ihe  directions  of  fracture  propagation  (black  arrows)  were 
marked  on  each  fragment  before  reconstruction  so  a  map  of  fracture 
progression  could  be  used  to  identify  a  primary  origin  area  (vAiite  arrow) . 

4.  SCANNING  ELEJCISDN  MICROSCDPE:  (SEM)  EXAMINAnON 

The  scanning  electrcai  microsooe,  usually  referred  to  as  “SEM/'  uses 
an  electron  beam  rather  than  light  to  illuminate  a  specimen  or  fracture 
surface.  Ihe  microscope  contains  an  electron  gun  that  generates  and 
accelerates  electrons  to  energies  typically  between  5  and  30  kev, 
electromagnetic  lenses  and  apertures  that  focus  the  electron  beam  to  a  spot 
typically  30-40  angstrcans  in  diameter,  electromagnetic  coils  that  scan  or 
raster  the  beam  on  the  specimen,  ai-jd  an  electron  detector  used  to  form  an 
image  on  a  catiuxie  ray  tube  (CRT)  (Figure  II-5) .  Because  electron  bea^ 
ar^ impeded  by  air  molecules,  the  system  must  operate  under  vacuum  (10 
10  torr) . 
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FIGURE  II-5;  Schaoaatic  shewing  typical  oemponents  of  a  modem  SEM. 
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When  the  becon  of  electrxjns  strikes  a  specimen,  several  different  types 
of  electrons  eire  generated,  including  secondary  electrons,  back-scattered 
electroTs  and  Auger  electrons.  These  electrons  emanate  both  fron  the 
surface  and  frcm  sli^tiy  subsurface,  giving  sartpling  d^jth.  In  addition, 
low  intensity  X-rays  are  generated.  CJcnmercial  SIM  instruments  use 
secondary  electrons  to  form  images,  but  itay  also  be  equipped  with 
back-scattered  electrcxi  and  X-ray  detectors. 

As  a  first  cpproximaticai,  the  specimen  image  appears  as  viewed  frctn 
the  per^jective  of  the  electrcxi  detector,  illuminated  in  the  directicai  of 
the  electTMi  beam.  Back-scattered  electrons  follow  line-of-si^t 
trajectories,  vhereas  secondary  electrcxis  can  follcw  curved  trajectories. 
The  difference  can  affect  the  generated  image.  Back-scattered  electrai 
images  are  sometimes  useful  because  they  give  contrast  due  to  variations  in 
atcmic  number.  This  can  be  used  to  highlii^t  chemical  segregaticai  or 
inclusions. 

A.  Advantages  and  Limitaticns 

The  SM  is  undoubtedly  the  most  versatile  modem  instrument  available 
to  failure  analysts.  It  images  electrons  that  are  emitted  back  from  a 
solid  specimen,  rather  than  imaging  electrons  that  pass  throu^  a  very  thin 
specimen,  as  does  a  transmission  electron  micrcsocpe,  or  "TEM.”  As  a 
result,  the  SEM  possesses  a  number  of  advantages  and  disadvantages. 

Advantages  of  the  SEM; 

o  Resolution  is  much  better  than  for  light  microsccpes,  permitting 
magnifications  of  frcm  lOX  to  100,000X,  althoui^  lOX  to  30,000  is 
more  attainable  in  practice.  This  resolution  is  possible  because 
electrons  have  very  sliort  wavelengths  and  theoretical  resolution 
is  Inversely  prxportional  to  wavelength,  and  because  of  the  small 
spot  size  of  the  electron  beam  that  is  used  to  scan  the  surface. 

o  Depth  of  field  (depth  of  focus)  is  much  better  than  for  light 
microsoqpes,  permitting  irreg\ilar  surfaces  to  be  ki^  in  focus. 
The  depth  of  focus  ranges  from  2  mm  (0.08  inch)  at  lOX  to  1 
micron  (40  microinches)  at  10,000x.  This  is  possible  because  of 
the  small  divergence  of  the  electron  beam  striking  the  sample. 

o  Direct  examination  of  specimens  or  fracture  surfaces  is 
conveniently  done,  with  specimen  chamber  size  being  the  major 
limitation.  If  a  specimen  will  fit  inside  the  micaosofpe  without 
cutting,  the  technique  becomes  essentially  ncxidestructive.  One 
excqption  to  this  is  organic  speciitens  which  can  be  daiiaaged  by 
high  energy  electron  beams.  To  avoid  this,  lower  aooelerating 
voltages  can  be  used. 

o  Elemental  chemical  analysis  of  a  specimen  can  be  carried  out  in 
the  microscope  by  equipping  it  with  an  X-ray  detector. 
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Disadvantages  of  the  SEM: 

o  Resolution  is  not  as  good  as  for  TEM  microscopes  because  lower 
electron  accelerating  voltages  must  be  used  and  because  a  scanned 
or  rastered  electron  beam  is  used  in  the  SEM. 

o  Images  scmetimes  seem  sanevAiat  unrealistic  because  the  electron 
image  is  derived  frcra  both  surface  electrons  and  sli^tly 
subsurface  electrons,  vMch  may  give  a  fracture  surface  a 
sli^tly  "translucent"  appearance. 

o  Relating  the  actual  angular  orientation  of  a  specimen  to  the 
microscc^  itiage  may  be  difficult  because  the  relative  tilt  of 
the  specimen  and  the  apparent  viewing  angle  of  the  electrm 
detector  obscure  gecmetric  relationships. 

o  larger  specimens  may  have  to  be  cut  dcwn  in  size  to  fit  into  ttie 
microscope.  Althou^  modem  SEM's  may  be  able  to  hold  a  specimen 
several  inches  long  and  an  inch  or  more  hi^,  not  enou^  freedom 
of  movement  may  remain  to  view  the  entire  specinen.  SEM's  with 
even  larger  specimen  chambers  are  becoming  available.  _2 

o  Specimeris  must  iiave  a  relatively  lew  vapor  pressure  (  <  10 
torr)  due  to  vacuum  requirements  of  the  SEM. 

o  Uhetched  metallographically  polished  flat  surfaces  usually  do  not 
present  sufficient  contrast  for  good  images  at  lower 
magnifications,  below  300-400X. 

B.  Sample  Preparation  and  Cleaning 

As  was  menticMied  earlier,  specimen  size  limitations  d^send  on  the  size 
of  tile  specimen  chamber,  and  on  the  size  and  capabilities  of  the  specimen 
handling  stage  in  tlie  microsoepe.  Assuming  that  a  specimen  will  fit  or  can 
be  cut  down  to  fit  inside  the  microscepe,  it  may  still  require  cleaning. 
Because  the  microsoepe  operates  under  vacuum,  the  specimen  most  be  dry  and 
free  of  volatile  materials,  oil  and  grease.  Cleaning  procedures  were 
described  in  Section  2B.  In  addition,  the  specimen  must  have  adequate 
8lectric2d  ocaiductivity.  If  it  does  not,  it  can  be  given  a  thin  v^r 
deposited  coating  of  carbon  or  gold.  If  X-ray  analysis  or  imaging  is  to  be 
done,  care  nust  be  exercised  in  cleaning  so  as  not  to  remove,  dissolve  or 
contaminate  that  vhich  is  to  be  analyzed.  Dirty  specimens  can  lead  to  a 
dirty  microsoope,  which  can  result  in  poor  resolution,  iivcreased 
maintenance  and  down  time. 

C.  DoGumentaticn  Sequenoe  and  Identification  of  Hiotographs 

Careful  identification  and  orientation  of  SEM  photos  is  essential  to 
correctly  interpret  them  later.  Examination  and  documentation  sliould  begin 
at  lower  magnifications,  followed  by  higher  magnification  examination  of 
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selected  areas.  Hie  SEM  operator  or  the  failure  analyst  must  understand 
the  orientation  of  the  specimen  in  the  microsccpe  and  clearly  mark  and 
identify  fhotographs,  either  with  a  grease  pencil  directly  oi  the  photos  or 
with  a  pen  c*i  the  vAiite  margins  of  the  photos. 

D.  Viewing  R^icas  in  the  SEM 

^Vhen  a  ^leciinen  or  fracture  surface  is  too  large  to  be  placed  directly 
into  the  SEM  and  for  sene  reason  cannot  be  cut  down  in  size,  the  fracture 
can  be  examined  throui^  the  use  of  cellulose  acetate  (plastic)  replicas. 
The  r^licas  must  be  coated  (vapor  d^iosited)  with  a  thin  layer  of  carbon 
or  gold  to  provide  electriccil  conductivity.  Of  course,  no  chemical 
analysis  work  can  be  done  unless  seme  loosely  adherent  material  can  be 
extracted  frem  the  surface  of  the  specimen  and  incorporated  into  the 
r^lica.  Care  must  be  taken  to  avoid  locally  overheating  and  damaging  the 
replica  with  the  electron  beam  in  the  microsccpe. 

E.  X-ray  Energy  ^lectroscopy  (XES)  and  Wavelength  Dispersive 
^jeetroGoepy  (WD6)  Analysis  Techniques 

One  of  the  advantages  of  the  SEM  is  that  it  can  also  be  equipped  with 
an  X-ray  detector.  IVio  types  of  detectors  are  typically  used.  If  a 
wavelength  dispersive  (WDS)  type  of  detector  is  employed,  analysis  can  be 
more  accurate  but  will  be  much  more  time  consuming.  WDS  is  more  typical  of 
electron  probe  miicroanalyzer,  or  electron  micreprobe,  instrumentation.  If 
an  energy  dispersive  type  of  detector  is  employed,  analysis  may  be  less 
aocurate  but  will  be  much  less  time  consumdng.  XES  is  more  topical  of  SEM 
instrumentation. 

Ihe  XES  X-  ray  detector  can  be  used  in  two  ways  in  the  SEM.  It  can  be 
used  to  generate  X-ray  ener^  spectra  shewing  characteristic  X-ray  peaks 
for  the  elements  present  in  a  specimen  (Figure  II-6) .  Ihese  data  can  be 
used  to  generate  an  elemental  chemical  analysis  of  the  specimen.  Ihe  X-ray 
detector  can  also  be  used  to  generate  an  elemental  X-ray  image  or  map  of 
the  surface  being  examined  by  collecting  X-rays  of  a  narrow  energy  range 
corresponding  to  the  characteristic  X-rays  of  a  single  element.  Because 
the  intaisity  of  X-rays  is  relatively  low,  the  quality  and  detail  of  the 
image  will  be  relatively  crude.  Even  so,  the  method  can  bo  very  effective 
when  conbined  witli  an  electron  image  and  can  reveal  local  areas  of  chemical 
segregation. 

XES  analysis  can  be  conducted  on  a  large  area  yielding  an  average 
oowposition,  on  a  small  area  or  on  a  spot  yielding  local  ccnpositicxi  of  a 
specimen.  Smellier  areas  of  analysis  generally  require  longer  X-ray 
collection  times  for  good  results.  Ihe  electron  microprobe  instruiaent  is 
better  suited  for  analyzing  very  small  areas  (small  spot  sizes) ,  such  as 
might  be  required  for  fine  precipitates  or  analysis  of  diffusion  gradients. 
Ihe  latter  instrument  is  also  more  capable  of  analyzing  for  elements  of  low 
atondc  number. 
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FIGURE  II-6;  XES  ^jectrum  showing  the  elements  present  in  Incx^iel  X-750. 


5.  IRANSSCISSIQN  £££XmXI  MIOmDEC  (TEM)  EXAKINmON 

Ihe  transmissicai  electron  microscope,  usually  referred  to  as  "TEM," 
predates  the  SEM.  Ihe  TEM  also  uses  electrons  to  illvmiinate  a  ^iecimen, 
tut  it  does  not  scan  or  raster  the  electron  beam.  Rather,  the  electron 
beam  passes  through  the  specimen  producing  a  greatly  magnified  image  on  a 
pho^xsrus  scsreen.  Figure  II-7  shows  a  schematic  of  the  TEM.  Ihe  specimen 
may  be  an  extremely  thin  metal  disk  (foil) ,  3  mm  in  diameter  and  locally 
less  than  100  angstroms  in  thickness,  or  may  be  a  plastic  or  carbon  r^lica 
of  a  surface.  Ihe  latter  method,  where  a  carbon  r^lica  is  made  of  a 
fracture  surface  and  viewed  in  the  TEM,  may  be  used  to  determine  the 
fracture  mode  in  failure  analysis. 

A.  Advantages  and  limitations 

Although  the  TEM  is  not  as  versatile  as  the  SEN  vhen  applied  to 
failure  analysis,  it  does  posses  some  advantages.  Advantages  of  the  TEM 
over  the  SEN  are: 

o  Resolution  is  better  than  for  the  SEN.  Thus,  fine  fatigue 
striations  are  generally  resolved  much  more  clearly.  This  is 
possible  because  hii^ier  aooelerating  voltages  can  be  used  in  the 
TEM  and  because  it  uses  a  simpler  electron  optical  system. 
Magnifications  of  30, 000-50, OOOX  are  easily  attainable  with  the 
TEM,  but  low  magnifications  are  limited  to  about  1,OOOX. 
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FIGURE  II-7;  Sdieanatic  slewing  the  basic  cxsiparents  of  a  lEM. 
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o  Topographical  features  scroetimes  appear  more  realistic  in  the  TEM 
than  in  the  SEM.  This  is  because  the  r^licas  viewed  in  the  TEM 
yield  only  topogre^jhical  (surface)  features,  vhile  SEM  images  are 
derived  from  both  surface  and  slightly  subsurface  electrais.  TEM 
images  are  also  enhanced  by  "shadowing''  the  replicas,  to  give 
per^jective. 

Disadvantages  of  the  TEM: 

o  Direct  examination  of  fracture  surfaces  is  not  feasible. 

o  Only  small  specimens  (r^licas)  can  be  acccnmodated. 

o  Limited  lew  magnification  capabilities  make  judging  ^jecimen 
orientation  more  difficult  than  for  the  SEM. 

o  n^licas  may  ccsitain  artifacts. 

o  Specimen  prqparaticai  is  time-consuming  and  requires  axisiderable 
skill. 

o  Elemental  chemical  analysis  cannot  be  carried  out  vhere  r^icas 
are  employed. 

B.  Specimen  Prqiaration  -  Replicas 

Although  there  are  several  methods  of  obtaining  replicas  of  fracture 
surfaces  for  examination  in  the  TEM,  probably  the  most  ocmmcsi  is  the 
two-stage  shadewai  carbon  replica.  In  this  method,  0.001-0.01  inch  thick 
cellulose  acetate  tape  is  softened  with  a  few  drops  of  acetone,  pressed 
caito  the  fracture  surface  with  a  finger  or  resilient  pad,  allowed  to  dry, 
and  peeled  off  or  stripped.  Often  the  first  replica  will  contain  entrapped 
dirt  fror.i  the  fracture  surface.  Repeated  replications  will  clean  the 
fracture  surface  and  eventually  yield  a  cleaner  replica.  Tlie  final  "clean" 
replica  is  mounted  upside  down  (fracture  side  up)  on  a  glass  slide. 

To  improve  cxintrast  and  to  give  a  sense  of  perspective,  replicas  are 
usually  "shadowed"  by  directionally  vapor  depositing  a  heavy  metal  or  alloy 
at  an  angle  (typically  15-45  degrees)  to  tlie  fracture  surface  (Figure 
II-8) .  Chromium,  germanium  and  gold-palladium  are  cxanmonly  used.  This  is 
usually  done  with  the  replica  double-sided  taped  to  a  glass  slide. 

After  shadowing,  a  layer  of  carbon  is  vapor  deposited  on  the  r^lica 
surface.  The  replica  sandwich  is  then  cut  into  small  squares  and  placed 
carbcai-side  dewn  on  small  copper  or  nickel  TEM  grids.  The  plastic  is 
extracted,  usually  by  acetone  or  acetone  vapors,  leaving  a  shadowed  carbon 
r^lica  on  a  TEM  grid. 

TEH  replicas  are  labor  and  technique  intensive,  and  fragile.  As  a 
result,  a  number  of  types  of  artifacts  may  be  created  on  the  replica 
fracture  surface,  nd  care  must  be  exercised  in  interpreting  these. 
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Replica 


Replica 


Shadowing  Direction 


Shacipwed  Replica 


Shadowed  and 
Carbon  Coated 


Plastic  is  dissolved 
leaving  a  shadowed 
carbon  replica 

FIC^JRE  II~8;  Schematic  siicxvii>g  the  technique  used  to  prepare  TEM  replicas. 
SEM  r^licas  are  prepared  in  the  same  way  except  that  the  replica  is 
shadowed  with  metal  and  viewed  directly  witliout  carbon  coatij^  and 
dissolvir*g(  the  plastic. 


C.  k^tique  Striatton  Counts 


One  of  the  more  useful  applications  of  lEH  microscopy  to  failure 
analysis  is  in  counting  fatigue  striations.  Fatigue  striations, 
particularly  fine  striations,  are  generally  much  more  clearly  resolved  in 
the  TEM  tlian  in  the  SEM,  Striation  couiits  are  done  by  examining  a  replica 
or  replicas  at  measured  distances  from  an  origin  area  or  surface, 
Photographs  are  taJten  of  typical  striations  at  each  location  at  appropriate 
magnifications,  sudi  as  3,000X,  10,0O0X  aixi  30,0O0X. 

The  lumiber  of  striatioiis  in  a  conveniently  diosen  length  are 
physically  cxjunted  on  each  photograph,  that  nunher  divided  fay  the  measured 
length,  and  nultiplied  by  the  magnification  of  the  photograph.  This 
results  in  an  estimate  of  the  mmiber  of  striations  per  unit  length,  or 
striation  density. 
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A  plcst  of  striaticai  density  versus  distance  (fron  the  origin  area  or 
surface)  is  made,  containing  points  derived  frcia  the  various  photogr^^iis, 
and  a  line  or  curve  is  fit  thrcu^  the  points.  Integration  of  the 
striation  density  versus  distance  curve  yields  an  e^roodiiate  (  +  10%  to  + 
50%)  total  nurtber  of  striatiais  cxi  the  fiacture  surface. 

A  striation  count  can  be  used  to  hedp  determine  the  specific  fatigue 
node  (HCF  or  LCF)  and  subsequently  vbat  may  be  causing  the  fatigue.  This 
is  done  by  first  assuming  that  eadi  significant  loading  cycle  after  crack 
initiaticxi  oorre^xcnds  to  one  fatigue  striation  and  then  ccnparing  with 
potential  fatigue  "drivers."  Also,  knowing  the  frequency  of  significant 
leading  cycles  would  permit  calculation  of  the  time  required  for  crack 
propagation. 

6.  CHEMICAL  AMAI^SIS  mHNIQUES 

Most  chemical  analysis  dex^  as  part  of  failure  analysis  is  probably 
done  by  XES  in  the  SEM  or  by  WDS  in  the  electron  microprobe.  Oocasicxially, 
more  diverse  or  advanced  analysis  techniques  are  warranted.  Table  II-l, 
adapted  frm  Volume  10  of  the  Metals  Handbook  (9th  Ed.) ,  is  included  here 
for  reference. 

7.  HEnAUOGKAFflEC  EKAMmmCM 

The  procedures  of  roetallographic  pr^aration,  polishing  and  etching 
are  widely  known  and  described  in  detail  elsewhere.  However,  specific 
applicatioTs  to  failure  analysis  may  require  ^)ecial  care  and  diligencse. 

A.  Sectioning  Thzxu^  Origii^ 

If  an  origin  area  is  identified  during  the  course  of  fractographic 
examination,  it  is  usually  desirable  to  mate  a  metallographic  section 
through  the  area.  Careful  sectioning  may  be  required,  perhaps  with  a  lew 
speed  diamond  inpregnated  cutting  wheel,  or  "diamond  saw."  Material 
defects  or  other  anonalies  are  of  interest,  such  as  inclusions,  prior 
cracks,  estbedded  particles,  microstructural  anoroalies,  strain  lines  and 
abusive  machining.  Small  defects  may  require  progressive  polishing,  or 
serial  sectioning.  TlrLs  is  usually  done  manually  by  grinding  off  a  few 
thousandths  of  an  inch  of  material  (as  measured  by  a  micrcsisater)  at  a  time 
fresn  a  mounted  metallographic  ^)ecimen  and  examining  the  surface. 

B.  EVid^noe  of  Plastic  Deforsaaticii 

Strain  lines  (Figure  II-9)  are  evidence  of  extensive  plastic 
deformaticxi.  Severe  plastic  deformation  resulting  from  abusive  machiniiig 
inay  reveal  itself  as  severely  defonried  grains  or  even  li^t-etching  layers 
(Figure  IX-IO) .  Atesive  grinding  may  even  locally  alter  the  microstructure 
due  to  generated  heat  causing  grindiivg  bums. 
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Tabl?..]U 

Selected  Chemical  Analysis  Techniques 


Wat  analytical  chemistry,  electrochemistry,  ultraviolet/visible  absorption  spectroscopy,  and 
molecular  fluorescence  spectroscopy  can  generally  be  adapted  to  perform  many  of  the  bulk 
analyses  listed.  •  •  generally  usable,  N  »  limited  number  of  elements  or  groups;  G  -  carbon, 
nitrogen,  hydrogen,  sulfur,  or  oxygen;  S  -  under  special  condition;  D  •  after  dissolution;  Z  = 
semiconductors  only. 
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AAS  . 

,  Atomic  absorption  spectrometry 

OH  . 

...  Optical  metallography 

AES  . 

Auger  electron  spectroscopy 

SEH . 

...  Scanning  electron  microscopy 

COMB  . 

High-temperature  combustion 

SIMS  .... 

. . .  Secondary  ion  mass  spectroscopy 

EPHA  . 

Electron  probe  x-ray  wicroanalysis 

SSHE  .... 

...  Spark  source  mass  spectrometry 

ESCA  . 

.  Electron  spectroscoy  for  chemical 

TEH . 

Transmission  electron  microscopy 

analysis 

XPS  . 

...  X-ray  photoolectron  spectroscopy 

FT-IR  . 

Fourier  transform  infrared 

XRO  . 

...  X-ray  diffraction 

spectroscopy 

XRS . 

...  X-ray  spectrometry 

lA  . 

.  Image  analysis 

1CP-.AES  .. 

.  Inductively  coupled  plasma 

atomic  emission  spectroscopy 

OES  . 

Optical  emission  spectroscopy 

•  Adapted  from  Metals  Handbook.  9th  Ed.,  Vol.  10,  'Materials  Characterization',  American 
Society  for  Metals,  Metals  Park,  OH,  1986,  pp.  3  and  4. 
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C.  Maximm  Natal  'RatpeTature  Analysis 

Certain  alleys,  particularly  nicQcel  and  iron  base  siperallciys  that  are 
strengthened  by  precipitation  of  a  second  phase,  are  amenable  to 
tenperature  analysis.  Sane  alleys  can  be  analyzed  by  cptical  microscopy 
(1,OOOX  magnification)  and  seme  require  TEM  microscepy  (3, 000-30, OOOX 
magnification) .  The  ^proach  is  to  conpare  microstructures  of  subject 
engine  parts  or  components  with  microstructural  standards,  to  estimate 
maximum  ejposure  tenperatures.  If  ej-posure  temperatures  significantly 
exceeded  heat  treatment  tenperatures,  microstructural  alterations  should  be 
apparent. 

Sane  limitations  to  tenperature  analysis  occur  because  microstructures 
may  be  affected  by  factors  other  than  tenperature,  including  time  at 
tenperature,  prior  processing  and  ^plied  or  residual  stress  levels. 
Still,  vdiere  applicable,  the  technique  has  yielded  very  useful  data. 


D.  Sepllcaticn  of  large  larts 


Microstructural  review  of  large  parts  or  components,  or  parts  that  are 
not  available  for  destructive  testing,  may  be  aocaplished  by  local  ^t 
grinding  and  polishing.  This  is  carried  out  by  grinding  and  polishing  with 
an  air  powered  grinder,  etching,  and  replicaticxi  of  the  etched  surface. 
The  r^lica,  vhdeh  can  be  shadowed  if  desired,  is  taped  to  a  glass  slide 
and  examined  under  an  appropriate  (cptical  or  electron)  microscope.  The 
affected  area  of  the  part  should  be  chemically  neutralized  and  polished  to 
remove  any  effect  of  the  etchant,  care  must  be  taken  so  that  the  amount  of 
material  reraoved  does  not  exceed  the  dimensional  rec^airements  of  the  part. 


FIGURE  II-9;  Strain  lines  associated  with  an  ICF  fracture. 
Etchant;  Kalling's  Reagent 
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FAM  100353  MAG;  500X 

FIGURE  II-IO:  Light-etching  layer  (brackets)  on  the  surface  of  a  gun 
drilled  hole  in  a  nickel-base  alloy  disk. 

Etchant:  Glyoeregia 
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m.  ERAdORE  ICCES 


Mary  esKjellent  books  ard  articles  have  been  written  discribing  the 
fracture  nodes  and  fracture  surface  appearances  ocnmcxily  encountered  in 
failvire  analysis.  Many  of  these  have  been  included  in  Secticm  V,  the 
Reference  secticm.  Reference  nuitbers  1,  2,  7,  and  9  are  particularly 
^jpropriate. 

1.  UnBDDDCEEON 

The  fracture  of  metallic  materials  can  occur  by  four  basic  modes.  The 
four  modes  are  ductile  overstress  (characterized  by  dimples),  brittle 
overstress  (low  energy  cleavage),  fatigue,  and  decohesive  rvpture  (grain 
boundary  s^araticn) .  Each  of  these  modes  has  several  subcategories  that 
ediibit  unique  fracture  features.  The  features  cortnonly  cbserved  using 
scanning  electron  ndcrosocpy  (SIM)  and  visual  examination,  using  a  stereo 
(binocular)  optical  microsccpy,  will  be  illustrated  along  with  a  brief 
explanation  of  how  they  are  produced. 

2.  DUCmE  OVERSEESSS 

The  fracture  of  ductile  metallic  materials  subjected  to  ocxitinuously 
rising  stress  occurs  by  a  process  known  as  dimple  npture.  The  mode  gets 
its  name  from  the  chaiacteristic  dimpled  fracture  surface  that  is  produced. 
As  the  stress  is  increased,  dislocations  move  in  preferred  directions  on 
preferred  slip  planes  within  the  material.  The  motion  of  dislocations  is 
impeded  in  regions  of  high  strain  or  disorder  in  the  matrix  such  as  second 
phase  particles,  grain  boundaries  or  inclusions.  The  dislocations  tend  to 
pile  up  at  these  sites,  nucleating  microvoids  (Figure  III~1).  As  these 
voids  grew,  the  stress  on  the  surrounding  material  increases  until  ductile 
fracture  occurs  (Figure  III-2) .  The  res'alting  fracture  au'face,  vhen 
viewed  cn  the  SEM,  exhibits  cup-liJee  d^ressions  resulting  frjni  the 
elongation  of  the  nucleated  voids  (Figure  III-3) .  The  nucleating  particles 
are  often  visible  at  the  bottoms  of  the  dimples  (rigute  III-4) . 

A.  Macxosocpic  Appearance 

The  roacrosccpic  ^pearanoe  of  a  ductile  overstress  fracture  is 
generally  characterized  by: 

o  significant  plastic  deformation. 

o  Primary  fracture  area  exhibiting  a  fibrous  appearance. 

o  Final  overstress  area  (shear  lip)  vhose  size  depends  <x\  the  ductility  of 

material,  strain  rate  and  stress  concentration. 

The  nacrosoopic  appeciranoes  of  two  ductile  overstress  fractures  are  shown 
in  Figures  1II-5  and  III-6. 
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B.  SEH  J^pearanoe 
1.  Dinple  Size 

Diitpled  n^Jtxire  fractures  can  eidubit  a  wide  range  of  features 
d^jending  oi  the  distributicai  of  nucleation  sites,  stress  orientaticxi, 
teirperature,  ductility  and  strain  rate.  Ihe  size  of  the  dirples  is 
controlled  by  the  size,  number  and  distribution  of  nucleaticai  sites.  A 
finely  dispersed  second  phase  gaierally  results  in  fine  diitples  becavise 
there  are  maiy  sites  available  for  nucleation  and  the  voids  do  not  grew 
large  before  fracture  occurs  (Figure  III-7) .  Coarser  dinples  form  vAien  the 
nucleation  sites  are  large  and/or  widely  dispersed,  allowing  individual 
voids  to  grow  large  before  final  fracture  (Figure  III-8) .  Under  sesne 
circumstances,  voids  nucleate  preferentially  at  grain  bewndaries  or  at 
intersectiens  of  several  grains  (triple  points) .  Ihis  results  in  an 
intergranular  fracture  with  diirples  on  the  grain  faces  and,  in  particular, 
at  the  grain  edges.  A  typical  intergranular  ductile  overstress  fracture 
mechanism  and  the  resulting  appearance  is  illustrated  in  Figure  III-9. 


FIGURE  III-l;  Dislocation  motion  along 
low  index  close-packed  planes  in  close- 
packed  directicaris  results  in  dislocation 
pile  v^)  at  hi^  strain  sites  in  the 
matrix.  These  ctxicentrations  of 
dislocations  eventually  result  in 
nucleation  of  voids. 


FIGURE  III-2:  Growth  of  voids  at 
second  phase  particles,  grain 
boundaries  or  inclusicsts  even¬ 
tually  results  in  ductile 
fracture. 
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MAG:  6000X  MAG;  lOOOX 


FIGURE  III-3;  Typical  SEM  ap^jearance  FIGURE  III-4;  Diitpled  rv^Jture  with 
of  a  diitpled  n:pture  fracture.  nucleating  particles  visible  at  the 

bottom  of  several  diitples  (arrows) 


FAL  92556  MAG;  12X  FAL  92553  MAG:  12X 


FIGURE  III-5;  Macroscc^ic  ap^jearance  FIGURE  III-6;  Diirpled  overstress  of 
of  a  dimpled  rupture  fracture.  Arrow  fracture  eidiibiting  no  clear 
indicates  the  origin  area.  The  final  origin  area, 
overstress  area  (shear  lip)  is  shown 
by  a  bracket. 


26 


8\\er.sIrSss 


■  -1-  >i-  -;,  y  .,  .,  .  .  ;  ,■,,  y ..  '  %  ^  ,,y..  V 

. N:  ■  :  :  •  ■;' 


2' 


2.  Dinple 

The  sh^je  of  dinples  can  be  shallcw  equiaxed,  de^  conical,  elaigated 
shear,  tearing  or  a  ccxnbinaticai  of  these,  d^)ending  on  the  stress 
distribution.  Ifliiaxial  loading  produces  equiaxed  dinples  with  a  rim  or  lip 
bounding  the  entire  0:5)  (Figure  III-IO) .  Shear  or  tearing  loads  result  in 
elcBigated  dimples  with  a  lip  bounding  only  part  of  the  cip,  leaving  an  open 
end  (Figure  Ill-ll) .  Tearing  dimples  can  be  distinguished  from  ^ear 
dimples  by  looking  at  both  halves  of  the  fracture.  Tearing  dimples  are 
syininetric  on  mating  surfaces  with  all  dimples  pointing  towards  tlie  origin. 
Shear  dimples  exhibit  a  reversed  image  on  mating  surfaces  with  each  dimple 
pointing  in  the  direction  of  relative  motion  of  its  half  of  the  fracture. 
Figure  III-12  shews  a  schematic  of  the  formation  of  equiaxed,  shear  and 
tensile  tearing  dimples  (Ref  7).  Ihe  d^jth  of  the  dimples,  Aether  they 
are  equiaxed  or  elongated,  is  controlled  by  the  plasticity  of  the  material. 
A  ductile  material  will  form  de^jer,  conical  shaped  dimples  vAiile  a 
material  with  less  ductility  will  exhibit  very  shallow  dimples.  Figure 
III-13  contrasts  conical  and  shallcx^  dimples.  When  large  dimples  form  in  a 
ductile  material,  fine  features  knewn  as  serpentine  glide  or  ripples  can 
result.  These  features  ate  the  result  of  active  slip  planes  intersectirg 
the  surface  of  an  existing  dimple  (Figure  111^14)  (Ref  15).  The  features 
ajpear  as  a  series  of  rou^y  parallel  lines  on  the  dimple  wall. 


FAM  97994 


MAG:  3000X 


FIGURE  III-13:  De^  conical  dinples  (left) 
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Applied  Tensile  Stress 


FIGURE  III-14;  Schematic  showing  the  mechanism  producing  the  features  Jcncwn 
as  serpentine  glide  and  ripples  (left) .  SEM  photograph  illustrating  the 
ajpearance  of  serpentine  glide  or  ripples  (arrow,  rigjit) . 


3.  OEKUAGE 

Cleavage  is  the  low  energy  fracture  of  a  material,  generally  along  lew 
index  planes  in  the  crystal  lattice.  Cleavage  fracture  is  favored  by 
materials  ejdiibiting  lew  ductility,  like  ceramics,  HCP  metals,  and  metals 
at  cryogenic  tenperatures.  Impact  loading  also  tends  to  favor  lew  energy 
cleavage  fracture.  Iheoretically,  a  cleavage  fracture  should  be  flat  and 
featureless  not  deviating  from  the  preferred  cleavage  plane.  Deviaticais 
occur  due  to  grain  boundaries,  low  angle  grain  boundaries,  inclusions  and 
other  lattice  imperfections.  These  deviations  frean  the  preferred  cleavage 
plane  result  in  a  variety  of  features  observed  at  high  magnificaticai  such 
as  cleavage  st^,  river  marks,  feathery  or  fan-sliaped  cleavage, 
lierringbcmie  structure,  and  cleavage  tongues. 

A.  Macroscxpic  ^pearanoe 

The  macrosocpic  features  of  cleavage  are  characterized  by: 

o  Little  or  no  plastic  deformation. 

o  Flat,  reflective  fracture  surface  often  exhibiting  a  granular  or 
faceted  appearance. 

o  dievTMi  marks  viiich,  if  present,  can  be  used  to  determine  the 
direction  of  propagation. 
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Figui'es  III-15  and  shew  the  typical  macroscopic  ^jpearanoe  of 

cleavage.  Figure  III-17  illustrates  hew  ehevrcai  narks  can  be  used  to 
determine  the  direction  of  propagation. 

SEM  Appearance 

1.  Cleavage  Steps  and  River  I^ttems 

Cleavage  stqps  are  steps  on  a  cleavage  fracture  surface  that  are 
formed  viien  two  or  more  active  slip  planes  join.  When  many  active  planes 
join  as  the  fracture  progresses,  a  river  pattern  is  formed  (Figure  III-18) . 
Ihe  river  pattern  consists  of  a  series  of  cleavage  st^s  that  reseirble  a 
branching  river  system.  Ihe  direction  of  fracture  propagaticxi  is  in  the 
downstream  direction,  tasing  the  river  analogy  (Figure  III-19) .  Using  this 
technique,  a  series  of  river  patterns  can  be  used  to  trace  a  conplicated 
fracture  back  to  its  origin. 

2.  Tilt  and  TWist  Boundaries 

Tilt  boundaries  are  produced  v^en  two  active  cleavage  planes  form  a 
small  angle,  as  if  the  planes  were  rotated  around  a  line  parallel  to  the 
boundary.  Cleavage  st^5s  (river  patterns)  on  one  plane  can  propagate 
across  a  tilt  boundary.  A  twist  boundary  results  vhen  the  cleavage  planes 
are  rotated  around  a  line  perpendicular  to  the  boundary.  Cleavage  steps 
cannot  pre^gate  across  a  twist  boundary.  Figure  III~20  illustrates  the 
formaticai  of  both  tilt  and  twist  boundaries  and  shews  how  they  can  be 
distinguial^  from  each  other  (Ref  15) .  Figures  III-21  and  III-22  shew  a 
river  pattern  propagating  across  a  tilt  boundary.  In  most  cases  boundaries 
have  characteristics  of  both  tilt  aivi  twist. 

3.  Feathery  Cleavage 

Feathery  or  fan-shaped  cleavage  facets  result  from  an  array  of  small 
cleavage  steps.  The  apex  of  the  pattern  points  towards  the  origin.  Figure 
III-23  shows  two  exaitples  of  feathery  or  fan-shaped  cleavage.  Ihis  often 
oocurs  near  fatigue  origins  of  titanium-base  alloys. 

4.  Herringbone  Structure  and  wailmr  Lines 

Herring^ne  structure  is  a  unique  structure  thought  to  result  frem  the 
interaction  between  an  advancing  crack  front  and  deformation  twins  in  the 
crystal  lattice.  Figure  III-24  illustrates  herringbone  structure.  Wallner 
lines  consist  of  two  groups  of  parallel  cleavage  steps  intersecting  to 
produce  a  criss-cross  pattern  (Figure  III-25) .  Wallner  lines  are  thou^t 
to  result  from  the  interaction  of  a  propagatii>g  crack  front  with  an  elastic 
shock  wave.  Neither  herringboiia  structure  nor  Wallner  lines  are  typically 
observed  using  scanning  electron  microscopy. 

5.  Cleavagfe  Tongues 

Cleavage  tongues  are  small  tongue-shaped  protrusions  from  the  cleavage 
plane  that  are  formed  when  the  fracture  propagates  a  short  distance  along  a 
twin  boundary  intersect  big  the  fracture  surface. 
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6.  Qaasl-d^tvage 

Quasi-cleavage  is  not  a  fracture  mode  but  rather  a  specific  fracture 
c^ipearanoe.  It  is  characterized  by  small  cleavage  facets  on  unspecified 
planes  containing  tear  ridges.  Ihe  quasi-cleavage  fracture  initiates  at 
central  cleavage  facets  and  beccross  increasingly  ductile  as  the  fracture 
propagates,  eidiibiting  both  dinpled  overstress  and  tear  ridges.  Figure 
III-26  illustrates  typical  quasi-cleavage  appearaixe. 


FAL  92929  MAG;  12X  FAL  92443  MAG:  lOX 

FIGURE  III-15:  lYpical  macroscopic  PIGUI^  III-16:  Macroscopic  apfsear- 
agpeam'>oe  of  cleavage,  ance  of  cleavage. 
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EAL  92443 


MAG:  3X 


FIGURE  III-17:  Chevron  marks  form  a  herringbone  pattern.  Ihe  nested  Vs 
point  back  toward  the  origin.  An  arrow  ii^icates  the  direction  of 
propagation. 


FAH  99363  MAG:  3000X 


FIGURE  III-18:  A  river  pattern  formed  FIGURE  III-19:  Scivaiatic  siKjwing  how 
vdien  a  series  of  cleavage  planes  a  river  pattern  can  be  used  to 

join.  Ihe  st^  separating  these  determine  tlie  direction  of  propag- 

planes  form  a  pattern  resenialing  a  ation. 
river  ^fstem. 
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FIGURE  III-20;  Schematic  illustrating  the  formation  of  tilt  and  twist 
boundaries  and  their  effect  on  the  propagation  of  a  river  pattern.  Ihe 
river  marks  can  prt^gate  across  a  tilt  boundary  but  must  step  and 
reinitiate  at  a  twist  baandary. 


FM  99943  MAG:  3000X  EAM  99942  MAG:  lOOOX 


FIGtJRE  Cleavage  steps  propag-  FIGURE  III-22;  Tilt  boundary, 

ating  across  a  tilt  boundary  (arrow) . 
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MSG:  6800X 


B4008-8 


MAG:  6800X 


FIGURE  III-24:  Traiismission  electi:x»i  Flc^RE  111-25:  I’m  photograph 
micrx3scx:pe  (TiEM)  pliotograpJi  siicwiiig  a  illustrating  Wallner  liiKis. 
iTfirringbone  structure. 
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4.  MLIGUE 


Fatigue  is  a  progressive  fracture  tliat  occurs  under  c^'clic  or  rqjetitive 
loading.  It  is  generally  divided  into  two  loc^ely  defined  types:  hi^  cycle 
fatigue  (HCF)  and  cycle  fatigue  (LCF) .  HCF  generally  exhibits  Icwer 
ncsninal  stress,  higher  frequency,  smaller  final  overstress  area,  and  a 
larger  nunber  of  cycles  to  failure  than  LCF.  A  inora  conplete  summary  of  the 
distinguishing  characteristics  of  HCF  and  LCF  is  contained  in  Table  III-*!. 
In  the  case  of  aircraft  engine  failure  analysis,  HCF  is  (considered  to  be 
caused  by  vibration  and  LCF  is  mission  or  throttle  related.  Sornewhat 
arbitrary  numbers  like  10,000  or  100,000  cycles  have  been  assigned  by 
several  authors  as  the  point  separating  LCF  and  HCF.  We  believe  tliat  a 
distiixhicai  based  on  tlie  source  of  stress  (fatigue  driver)  provides  more 
useful  information  to  engineers  attercpting  to  (correct  a  fatigue  problem. 


A.  )feK3?06cxpic  i^ipearanoe 


Macrosocpically,  fatigue  is  characterized  by: 
o  A  fac5eted  ^pearanoe  at  the  origin  (stage  I) . 
o  Multiple  fatigue  origins  are  often  s^arated  by  fatigue  stqps. 
o  Flat  transgranular  propagaticxi  zone  (stage  II)  perpendiculeir  to  the 
stress  axis, 

o  Coarse  striaticxis  or  arrest  marks  are  often  visible  in  a 
''clamshell”  or  "beachmark''  pattern. 

o  Ihe  overall  appearance  of  the  fatigue  progression  is  often  referred 
to  as  a  thuntoail.  The  origin  can  be  identified  by  the  shape  of  tl» 
thumbnail. 

o  The  final  overstress  area  (st^e  III)  can  occur  mi  either  the  same 
plane  or  on  a  different  plane  frcBi  the  fatigue  progression  area, 
o  Ihe  size  of  the  final  overstress  area  can  be  used  to  help  determine 
vhether  the  mode  was  HCF  or  LCF. 

Figures  III-27  and  III-28  show  the  typiccil  macrosocpic  appearances  of  HCF 
and  LCF  test  specimens. 

TABI£  III-l:  General  characteristics  of  HCF  and  I£F.  Ihese  are  tendencies 
and  may  not  be  observed  in  all  cases. 


Hictfi  Cycle  Eatidue  (HCF) _ low  Cycle  Fatigue  flCF^ _ 

low  cyclic  stress . Hii^  cyclic  stress 

Driven  by  vibratiMs  (hi.^  fraj. )  , .  Driven  by  missicai  or  throttle 

StriatiMis  may  not  be  visible  on  . . .  Strlations  usually  visible  mi  SEM 
SEM 

Sensitive  to  surface  condition  .....  Relatively  insensitive  to  surface 

condition 

Stress  less  then  yield . Stress  may  be  gr^eater  than  yield 

Initiation  controlled .  Propagation  cxjntrolled 

Small  final  overstress  cuiea .  Large  final  overstress  area 

Shot  peening  effective  . Shot  peening  may  be  ineffective 

Large  scatter  in  life  .  Small  scatter  in  life 
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FAL  93214 


MAG;  9X 


FAL  93832 


HAG:  15X 


FIGURE  III-27;  Maca:osocpic  aj^iearance  FIGURE  III-28:  Maca:oscx^ic  appear^ 
of  LCF.  ance  of  HCF. 


B.  SEH  AppearanoB 


1.  Stage  I 

A  fatigue  crack  initiates  in  stage  I  fatigue.  Ihe  initiation  is 
reported  to  irr/olve  slip  plane  separation  caused  by  repetitive  reversals  on 
active  slip  plane  systems.  These  slip  systems  are  generally  close  packed 
planes,  so  the  initiation  ard  initial  propagation  regions  often  exhibit  a 
faceted  a^jearanoe.  Figures  III-29  and  III-30  illustrate  typical  stage  I 
af^jearanoes.  Stage  I  faceting  is  more  often  found  in  lew  stress,  high  cycle 
fatigue  (HCF)  cracks  and  is  often  absent  frxxn  high  stress,  low  cycle 
fatigue  (LCF)  fractures.  Initiation  of  a  fatigue  crack  can  often  account 
for  90%  of  the  fatigue  life  of  a  part. 

2.  Stage  II 

Stage  II  fatigue  consists  of  the  propagation  of  the  crack  and 
generally  acsoounts  for  the  largest  portion  of  the  fatigue  crack  length. 
Stage  II  often  e}d'iibits  striations,  although  the  absence  of  striations  can 
occur  for  several  reasons.  The  propagation  is  generally  transgranular 
following  the  direction  normal  to  the  stress  axis.  Intergranular 
propagation  can  occur  when  a  weaker  grain  boundary  phase  is  present  or  at 
elevated  tenperatures.  Figure  III-31  exhibits  typical  transgranular 


fatigue  propagation.  The  exact  mechanism  for  striation  formation  has  not 
been  determined.  One  proposed  mechanism  of  striaticsi  formation  is  a  slip 
plane  mechanism  resulting  in  peak-tc-peak  valley-to-valley  matching  of  the 
mating  fracture  surfaces,  Figure  III-32  (Pef  15) .  Each  striaticxi  is  formed 
during  one  load  cycle  and  represents  the  location  of  the  crack  frcxit  at 
that  time.  If  the  cyclic  stress  is  decreased,  the  crack  can  arrest  for  one 
or  more  cycles  before  norital  propagation  resumes.  This  occurs  due  to 
residual  cotpressive  stress  at  the  crack  tip  in  the  plastic  zone.  These 
arrest  lines  often  appear  as  unusually  large  or  distinct  striaticxTs.  If 
this  process  occurs  regularly  as  vhen  a  filter  engine  runs  an  accelerated 
mission  test,  banded  striaticns  are  produced.  Figure  III-33.  The  d^rths  of 
the  striations  can  vary  between  the  two  halves  of  the  fracture.  One  half 
can  eidiibit  well  developed  striations  vhile  the  mating  surface  eidiibits 
shallow  striations.  This  occurs  vhen  one  surface  e}^)erienoes  a  hi^ier 
stress  than  the  other. 

a.  Striaticn  Spacing 

Striation  spacing  can  be  affected  by  several  variables  including; 

o  Magnitude  of  the  alternating  stress 
o  Magnitude  of  the  mean  stress 
o  Frequency  of  the  alternating  stress 
o  Teirperature 
o  Strength  of  the  material 
o  Microstructure 
o  Enviroranent 

The  nagnitude  of  the  alternating  stress  has  the  largest  effect  on  the 
striation  ^cing.  Increasing  the  alternating  stress  increases  the 
striation  spacing.  The  striation  spacing  often  increases  as  the  crack 
progresses.  This  occurs  because  the  load  bearing  area  is  decreasing  so  the 
magnitudes  of  both  the  mean  and  alternating  stresses  are  increasing.  This 
effect  is  more  pronounced  in  hic^  stress  ICF  fractures  and  can  be  used  as 
one  feature  distinguishing  DCF  from  HCF.  Figure  III-34  shows  the  striation 
^cing  near  the  origin  and  just  before  final  overstress  occurred  in  a  room 
teitperature  DCF  fracture.  Large  second  phase  particles  or  inclusions  change 
the  local  stress  distribution  and  thas  can  either  increase  or  decrease 
striation  ^cing.  Figure  III-35  illustrates  the  effect  of  an  inclusion  on 
the  local  striaticn  ^cing.  This  usually  does  not  affect  the  overall  crack 
growtli  rate. 

b.  Striation  /appearance 

The  striation  e^pearanoe  can  be  affected  by  many  variables.  Very  soft 
or  very  hard  materials  often  show  poorly  defined  or  no  striations  under 
conditions  that  would  produce  clecir  striations  in  other  materials.  Certain 
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material  types  fonn  striations  better  than  others.  For  instance, 
titanium-based  alleys  seldom  exhibit  striations  vAien  viewed  with  the  SEM. 
Nickel-based  alleys  usually  fom  clear  striations.  Striations  with  a 
brittle  or  craeJe-like  appearances  can  be  produced  in  a  hydrogen  envircarment 
or  at  hi^  totperatures  in  seme  materials  (Figure  11-36) .  Well  developed 
striatieais  form  slip  traces  on  their  trailing  edges,  and  smooth  leading 
edges.  Ihese  trac^  can  be  xised  to  determine  the  direction  of  propagaticai 

c.  Fatigue  Steps 

Stage  I  and  stage  II  fatigue  often  esdiibit  steps  similar  to  those 
observed  on  cleavage  facets.  These  st^>s  are  called  fatigue  stqps  or  tear 
ridges.  Fatigue  st^  in  an  origin  area  often  indicate  multiple  origins  on 
different  levels.  They  can  be  used  to  locate  the  general  origin  area  and 
to  separate  and  locate  localized  origins  (Figure  III-37) .  In  a  stage  II 
area,  fatigue  steps  may  s^arate  areas  exhibiting  locally  differait 
propagation  directions  (Figure  III-38) . 


rm  99201 


MAG:  200X 


FAM  98656 


MAG:  200X 


FIGURE  III-29:  Typical  stage  I  fatigue 
appearance,  exhibiting  facets  and 
feathery  cleavage  (arrow) . 


FIGURE  III-30:  Alternate  stage  I 
fatigue  appearance.  A  facet  is 
shewn  by  an  arrw. 


EAM  99310  MAG:  6000X 


FIGURE  III-31:  IVpical  stage  II  transgranular  fatigue  progression  in  an  HCF 
fatigue  ^^ecimen. 
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FIGURE  III-32:  Prqposed  ined^ism  for  fatigue  striation  foimation.  Ihe  slip 
pla-'te  medianism  results  in  peak-to-peak,  valley-to-valley  matdiing  on 
mating  frac±ure  surfaces,  (a)  Crack  opening  and  crack  tip  blunting  by  slip 
on  alternate  slip  planes  with  increasing  tensile  stress,  (b)  Crack  closure 
and  crack  tip  resharpening  by  partial  slip  reversal  on  alternate  slip 
planes  with  decaneasing  stress. 


41 


FAL  93454  MAG:  120X  FAL  93455  MAG:  500X 


FIGURE  III-33;  Banded  fatigue  striations  resulting  frcm  changes  in 
magnitude  of  the  alternating  stresses.  The  part  was  run  in  an  acxselerated 
missies!  test.  Braeikets  shew  regions  of  finer  and  coarser  striations. 


ESM  99261  MAG;  3000X  EAM  99269  MAG:  lOOOX 

FIGURE  III-35:  Striation  spacing  FIGURE  III-36;  CracGc-lik© 

changes  locally  vhen  a  crack  frmt  striations  that  occur  in  seme 
encccnters  an  inclusion  or  second  materials  in  hydrogen  environment 
phase  particle.  or  at  hi^  tertperatures. 


EAM  99351  MAG;  50X  EAM  9^7  * 


FIGURE  III-37:  Fatigue  steps  or 
tear  ridges  near  an  origin  area. 
These  can  be  used  to  locate  the 
origin  area  and  to  separate  and 
locate  localized  origins. 


FIGURE  III-38;  l^ar  ridges  (black 
arrows)  separate  areas  of  locally 
different  directions  of  propagation. 
The  directions  of  propagation  are 
shown  by  vhite  arrows. 
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3)  Stage  HI 

Stage  III  is  the  final  overstress  area.  As  the  crack  propagates  in  a 
stage  II  moc3e,  the  ncminal  stress  and  magnitude  of  the  cyclic  stress 
increase.  When  the  crack  has  progressed  to  a  critical  d^Jth  or  size, 
fatigue  propagation  is  rqjlaced  by  a  fracture  mode  such  as  cleavage  or 
diitpled  overstress.  Ihe  size  of  the  final  overstress  area  is  indicative  of 
the  coKibined  average  stress  and  can  be  used  to  distinguish  HCF  frora  I£F. 
Figure  III-39  shows  the  transition  between  fatigue  propagation  and  dinpled 
overstress. 

4)  ahermal-Machanical  latigue  (IMF) 

Ihermal-inechanical  fatigue  is  a  special  case  of  LCF  that  occurs  at 
hi^  temperature  under  caribined  loading  generated  by  cyclic  thermal  as  well 
as  cyclic  mechanical  stresses.  IMF  often  occurs  in  hi^  time  gas  turbine 
hardware.  Ihe  fracture  surface  is  generally  heavily  oddized,  often 
ejdiibiting  no  striations.  If  striations  are  present,  they  are  generally 
heavily  oxidized  (Figure  III-40) .  Heavy  oxides  often  exhibit  vhat  is  known 
as  mud  cracking  (Figure  III-41) .  IMF  is  often  distinguished  by  its 
appearance  in  mstallograEMc  cross-section.  It  generally  presents  a 
characteristic  oxide-filled,  alloy  depleted  V-shape  caused  by  oxidation  as 
the  crack  prqpagates.  Figure  III-42  shows  the  appearance  of  a  typical  IMF 
crack  in  a  metallographic  cross  section. 


FAM  99950  MAG:  200X 

FIC5M)  III-39:  Transition  between  stage  II  prcpagation  (brackets)  and  the 
final  overstress  area. 
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FIGURE  III-40:  Heavily  oxidized  IMF  FIGURE  III-41:  Mud  cracking  occurs 
striations.  in  IMF  areas  eidiibiting  heavy 

oxidation. 


FIGURE  III-42;  V“Shaped  IMF  crack  shown  in  a  nietallographic  cross  section. 
Ihis  siiape  is  diaracteristic  of  IMF  and  occurs  because  the  crack  oxidizes 
as  it  progresses.  Etchant;  AG-21 
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5.  EBXHESIVE  ISJFIURE 

Deociiesive  n^jture  is  a  broad  category  of  fracture  inodes.  It  is 
defined  as  fracture  along  a  path  of  weakness  produced  by  elevated 
teatiperature,  mcrostnictural  variables  or  a  reactive  environment.  It  is 
usually  associated  with  grain  boundaries  and  often  exhibits  little  bulk 
plastic  deformation. 

A.  Macrosacpic  i^peazance 

Ihe  macroscopic  appearance  of  a  decchesive  rvpture  fracture  can  vary. 
Ihe  fracture  ^pearance  can  vary  frera  smooth  to  clearly  intergranular, 
d^iending  on  grain  orientatic»i  relative  to  the  stress  axis  (Figure  III-43) , 
Decchesive  npture  fractures  generally  eidiibit  an  intergranular  eppearance 
with  either  transgranular  or  intergranular  dinpled  overstress  in  the  final 
fracture  area  (Figure  III--44) .  Stress  corrosion  cracking  fractures  often 
exhibit  moderate  to  heavy  oxidation  (mud-cracldng)  and  a  branching  crack 
path  (Figure  III-45) . 

B.  Hicrostrxictural  Variables 

Microstructural  variables  such  as  precipitation  of  a  weak  second  phase 
at  grain  boundaries  and  segregation  of  lower  melting  point  constituents  to 
grain  boundaries  can  ocxitribute  to  grain  boundary  fracture  at  stresses 
below  the  yield  stress  of  the  material.  At  hi^  tenperatures  and  stresses, 
close  to  tut  not  exceeding  the  yield  stress,  a  process  known  as  stress 
rupture  occurs.  Stress  npture,  sometimes  referred  to  as  cre^  rupture,  is 
a  time-tenperature-stress  related  fracture  that  occurs  as  a  reailt  of 
microvoid  coalescence  at  grain  boundaries,  similar  to  dimpled  overstress. 
Figure  III-46  shews  the  two  mechanisms  by  vhich  this  can  occur:  triple 
point  cracking  or  grain  boundary/  cavitation  (Kef  15).  Figure  111-47 
illustrates  typical  stress  rupture  fraertures.  Stress  rupture  is 
ultimate  result  of  cre^. 

C.  j^wirunmental  Factors 

Stress  corrosion  cracking  (Sex:) ,  liquid  metal  embrittlement  (IJWE) ,  and 
hydrogen  embrittlement  (HE)  are  three  of  the  most  caraoai  decchesive  npture 
modes  associated  with  environmental  fac±ors. 

1)  Stress  Oorrosion  cracking 

sex  is  a  fracture  mode  that  requires  a  specific  set  of  .fac±ors  to  be 
present:  a  particular  exorrosive  environment,  susceptible  material  and 
tensile  stress.  The  cietailed  mechanisms  of  SOC  have  been  discussed 
elsevhere.  Ihe  suso^)tibilit>’  of  a  material  to  SCC  depends  on  variables 
such  as  microstructure,  strength  (hardness) ,  grain  orientation  and 
corrosive  environment.  Figure  111-48  shows  the  appearanoe  of  a  stress 
corrosion  crack  surface.  Figure  III-49  illustrates  the  intergranular 
appearanoe  of  cracks  in  a  metal lographic  cross  section.  Titanium-base 
ciiloys  fractured  by  SSC  often  ejdiibit  fracture  features  known  as  flutes. 
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Flutes  are  thou^it  to  be  produced  by  the  n^jture  of  tutular  voids  formed  by 
a  planer  slip  mechanism.  The  presence  of  fluter  has  been  used  to 
distinguish  SOC  fron  other  potential  deochesive  n^jture  mechanisms  in 
titanixmHjase  alloys.  Figure  III-60  illustrates  the  ^jpearanoe  of  flutes. 
Flutes  have  also  been  observed  under  cryogenic  testing  conditicns  of 
TiHDased  alloys. 


FIC5URE  III-43;  Decciiesive  rupture  can  result  in  a  classic  intorgranular 
fracture  or  a  smooth  appearance,  depending  on  jgrain  orientaticn  relative  to 
the  stress  axis. 
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EAM  99688  MftG:  SOX  PM  99951  MAG;  lOOX 


FIGURE  III-44:  IntergraraiLar  fracture  FIGURE  III-45;  Optical  photanicro- 
surfaoe  with  tiansgranular  dinpled  graph  of  stress  corrosion  cracking, 
overstress  in  the  final  fracture  area  Ihe  branching  is  characteristic, 
(shear  lip,  arrw) .  This  is  t^ical 
of  decchesive  rrpture. 


FIGURE  III-46;  Two  mechanisms  by  vhich  stress  rupture  can  occur:  triple 
point  cracking  (left)  and  grain  boundary  cavitaticMi  (ri^t) .  Smaller 
arrows  indicate  the  directiais  of  grain  boundary  sliding. 
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I  FIGURE  III-48:  Stress  corrosion  FIGURE  III-49:  Metallographic  crass 

cracking  fracture  surface  esdiibiting  section  through  a  stress  corrosiaa 
ojddi2e<Vc»rr3ded  intergraiuilar  crack.  Ihe  branching  appearancse  is  a 

features.  distinguisiiing  characteristic  of  SOC. 
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FIGURE  III-50:  Flutes  (anxws)  ap^pear  as  ruptured  tubular  voids,  usually 
oriented  parallel  to  the  stress  axis.  They  can  be  well  defined  (left)  or 
f=¥»radic  and  hard  to  recognize  (right) . 


2.  liquid  Metal  BoDbrittlesnait 

Bdibrittlement  by  a  itetallic  ^jecies  occurs  when  a  low-melting-point 
alloy  penetrates  the  grain  bcxindaries  of  a  structural  alloy,  ihe  alloy  may 
tlien  fracture  intergranularly  at  a  stress  lower  thaii  its  normal  yield 
stress.  Liquid  metal  embrittlement  ocscurs  when  a  metal  is  e)qposed  to  tlie 
low-  melting-poir.t  alloy  jn  the  liquid  state  w.xile  under  tensile  stress. 
Certain  irvxi-base,  nickelHbase,  titanium,  and  aluminum  alloys  can  be 
embrittled  by  lead,  tin,  gallium,  indium,  mercury,  cadmium,  lithiura  and 
silver  in  the  liquid  state.  A  more  limited  group  of  alloys  are  susceptible 
to  embrittlenvent  when  the  embrittling  metal  is  in  tlie  solid  state.  This  is 
known  as  solid  metal  embrittlement  (SME).  Stress  alloying  is  a  term 
occasionally  applied  to  both  LME  aid  SME.  Figures  III-51  and  III-52  show 
typical  IME  fracture  surfaces. 

3.  llydrogen  Bcdaritideniatt 

Certain  BCC  (body-centered  cubic)  and  HCP  (hexagonal  close-packed) 
metals,  such  as  alloys  of  titanium,  iron  and  other  less  comracai  alloys, 
experience  degradation  of  their  mechanical  prcperties  when  exposed  to 
hydrogen.  Ihe  resulting  fracture  mode  is  known  as  hydrogai  embrittleitent. 
Although  FOC  (face-centered  aibic)  materials  generally  have  good  resistance 
bo  hydrogen  embrittlement,  300-series  austenitic  staiiiLess  steels  can  be 
eahrittlad  by  hydrogen. 
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FIGURE  III--51;  IME  fracture  surface  FIGURE  III-52:  Higher  magnification 
exhibiting  intergranular  fracture  view  of  IME  fracture  surface, 
throu^  silver-base  braze  alloy  that 
had  penetrated  the  grain  boundaries 
(arrow) . 
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IV.  urns  OF  n»croGi»EfB 


1.  Introciijction 

Ihe  end  product  of  Task  I  was  a  collection  of  fractogre^hs  of  various 
alloys  under  different  ocsTditicaTS.  To  accccplish  this,  a  test  matrix  of 
alloys  and  types  of  tests  necessary  for  each  alley  was  generated.  Ihe  test 
ocaiditiors  were  then  defined.  Test  materials  were  procured,  machined  into 
^lecimens  and  tested.  Finally,  the  generated  fracture  surfaces  were 
documented. 

2.  Test  Ckxiditicns 

The  fracture  i^jecimens  that  were  generated  included  tensile  (smooth 
and  notched,  at  low  and  hi^  tenperatures) ,  hi^  cycle  fatigue  (smooth  and 
notched,  at  low,  intermediate,  and  hi^  tenperatures) ,  lew  cycle  fatigue 
(low,  intermediate  and  hi^  temperatures) ,  thermal-mechaniccil  fatigue 
(in-fhase  and  out-of-phase) ,  stress  npture,  stress  corrosion  and  hydriogen 
entorittlonent. 

Tensile  testing  was  ooiductad  at  roan  teirperature  and  at  tenperatures 
at  the  top  of  the  subject  material's  service  range.  Smooth  specimens  were 
tested  at  a  strain  rate  of  0.005  imv/mnv'min  (0.005  iiViiVmin),  per  ASTM 
^jecifications.  Notched  specimens  had  a  K  of  3.0  and  were  tested  at  a 
crosshead  ^leed  of  1.27  itw/min  (0.05  iiywiJ^T* 

High  cycle  fatigue  (HCF)  testing  was  performed  at  low  or  room 
tewperature,  a  temperature  at  the  tqp  of  the  service  range,  and  at  an 
intermediate  tenperature  on  both  smooth  and  notched  ^)ecimens.  The 
specimens  were  cycled  at  1,800  epm,  witti  stress  ratios  (min/max)  of  -1,  to 
simulate  rescxiant  vibration.  Actnal  stress  levels,  below  the  yield  stress, 
were  determined  at  the  time  of  testing,  and  were  chosen  to  producse  fracture 
in  >100,000  cycles.  Notched  HCF  tests  used  notches  with  IC  of  2.16,  based 
on  ASTM  standards. 

Lew  cycle  fatigue  (LCF)  testing  was  performed  at  lew  or  rocm 
tatperature,  a  temperature  at  the  tep  of  the  servicje  range,  and  at  an 
intermediate  temperature.  Load  control  testing  was  performed,  versus 
strain  oontrollai,  due  to  cx)st,  CXir  ejperienoe  has  shown  that  fracture 
features  do  not  vary  between  tlie  two  types  of  tests.  The  specimens  were 
cycled  at  10  cpm,  with  a  stress  ratio  (min/mEix)  of  0.05.  Actual  stress 
levels,  above  the  yield  stress,  were  determined  at  the  time  of  testing,  and 
were  chc^en  to  prodvKse  fracture  in  5,000-10,000  cycles. 

TVo  types  of  thermal-mechanical  fatigue  testing  were  performed; 
in-phase,  with  tettperature  and  stress  rising  and  falling  simultaneously, 
and  cut-of-phase,  with  stress  rising  as  tenperature  drepped.  Both  types 
were  performed  at  1  cpm.  A  stress  ratio  (miiVnaj^  of  used,  based  on 

+  0.3%  strain.  The  baiperatures  cycled  fran  2W  C  (50^  F)  to  the  maxinum 
service  tenperature.  The  lower  limit  of  260  c  (500  F)  was  due  to 
instrumentaticxi  limits. 
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Stress  n^Jture  (S/R)  testing  was  perforroed  at  the  ^)ecificatiai  S/R 
test  tenperature  or,  if  unspecified,  at  the  maximum  service  temperature. 
Ihe  ^lied  stress  was  less  than  the  yield  stress,  and  was  chosen  to 
produce  a  fracture  in  a  reusOTable  (cost  effective)  time  period. 

Stress  corrosion  testing  was  perform^  cxi  b^t  strips  of  material  per 
ASIM  Section  G-39  in  3.5%  NaCl  vapor  at  95  C  (203  F) .  The  strips  were  bent 
to  produce  a  stress  level  approximately  90%  of  the  yield  stress  cn  the  C® 
of  the  bend.  The  atmosphere  was  chosen  to  produce  a  stress  oorrosian 
fracture  without  causing  excessive  general  corrosicn. 

Hydrogen  embrittlement  testing  consisted  of  notched  tensile  testing  of 
hydrogen  charged  ^jecimens.  Charging  of  the  titanium  and  irai  base 
^)ecimens  was  acoonplished  by  soaking  in  hi^  pressure  hydrogen  atmosphere. 
The  ^secimens  were  also  cathodically  charged  in  1%  HCl  solution.  Testing 
was  condxxted  under  anbient  conditions.  Specimen  configuration  and 
conditions  were  the  same  as  the  room  tenperature  notched  tensile  tests. 

3.  Material  Specifications 

The  alloys  to  be  tested  and  the  test  conditions  for  each  are  listed 
belcw.  Note  that  some  specimens  were  provided  by  the  Wri(|ht  Research  and 
Development  Center  (WRDC)  Materials  Laboratory. 

M-50  (martensitic  tool  and  bearing  steel)  vras  tested  in  the  form  of 
bar  (AMS  6491A)  heat  treated  to  AMS  2759/2  at^WRDC.  ^Notched  tensile  tests 
were  conducted  at  airtoient  tenperature  and  315  C  (600  F)  .^Smooth^and  notchai 
HCF  testing  was  performed  at  ambient  tenperature  and  315  C  (600  F) . 

lS-5  FH  was  tested  in  the  form  of  AMS  5659  bar  heat  treated  to  AMS 
275^3  in  ^  H925  condition.  Tiie  maximum  specified  service  tenperature  is 
316  C  (600  F) .  Stress  corrosion  and  hydrogen  embrittlement  were  the  only 
tests  run. 

custom  455  was  tested  in  the  form  of  AMS  5617  bar  heat  treated  to  AMS 
275g/3  in  ^  H950  condition.  The  maxiiMum  specified  service  tenperature  is 
427  C  (800  F) .  The  intermediate  test  tenperature  used  was  204°C  (400  F)  and 
the  low  test  teuperatuie  was  ambient. 


347  stainless  steel  was  tested  in  t^ne  form  of^AMS  564g  bar.  The 
service  temperature  range  is  427  c  (800  F)  to  816  C  (1500  F) .  These 
temperatures  served  as  the  intermediate  and  high  test  temperatures, 
reflectively.  Ambient  tenperature  served  for  low  tenperature  tests. 

A-286  was  tested  in  the  form  of  AMS  5525  platg  heat  tgpated  to  AMS 
2759/3.  The  maximum  service  teaperatur^  is  7g4  c  (1300  F) .  The 
intermediate  test  tenperature  used  was  204  c  (400  F) .  This  tesperature  is 
just  below  the  point  where  a  rapid  drop  in  tensile  properties  occurs  with 
increasing  teiperature.  Ambient  tenperature  served  for  the  lew  tenperature 
tests.  The  stress  rupture  test  was  conducted  at  649  C  (1200  F) . 
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Inoolcy  901  was  te^ied  in^the  form  gf  EVJA  :^03  bar.  The  service 
teraperature  range  is  482  C  (900  F)  to  704  C  (1300  F) .  These  taiperatures 
served  as  the  intermediate  and  hi^  test  tenperatures,  respectively. 

Incolqy  909  was  tested  in  the  ^rm  of  1191  bar.  The  maxiicum 
specified  service  tenpergture  i^  649  C  (1200  F) .  The  intermediate  test 
tenperature  used  was  204  C  (400  F) ,  corresponding  to  the  minimum  thermal 
ejpansion  coefficient  e>hibited  by  this  low  expansicmi  alley.  Low 
tenperature  tests  were  oogducted  gt  ambient  tenperature.  The  stress  rvpture 
test  was  ccaiducted  at  649  C  (1200  P) . 

mccnel  600  was  tested  in  ^e  fo^  of  5665  ^ar.  The  maxiitum 
service  tenperature  range  is  9|2  C-l0g3  c  (1800  F-2000  F) .  The  intermediate 
test  tenperature  used  was  427  C  (800  F).  This  tenperature^ is  belcgf  the 
point  where  a  rspid  drep  in  tensile  properties  occurs.  704  C  (1300  F)  was 
used  for  the  hi^  tenperature  tests  because  the  material  has  low  strength 
abo^e  this  ^enperature.  There  is  no  specified  stress  npture  requirement 
704  C  (1300  F)  was  used  for  that  test. 

Inconel  X-750  was  tested  in  the  form  of  AMS  5667  (bars,  ^forgig^  and 
ringg) .  T^e  specified  service  tenperature  range  is  427  C-593  C 
(800  g-1100  F) .  The  hii^  tarperature  testg  were  ^nducted  at  593  C 
(1100  F).  The  lower  service  limit  of  427  C  (800  F)  served  as  the 
intermediate  tenperature,  and  ambient  for*  the  lew  tenperature.  With  no 
specified  stress  gupture  j:equirement,  the  maximum  specified  service 
tenperature  of  593  C  (1100  F)  was  used  for  that  test. 

PWA  1480  (cast  single  crystal)  was  tested  previously,  and  results 
r^wrted  in  r^xsrt  number  AFVIAI>TI^-84-4167.  The  fracture  specimens 
resulting  frean  that  program  were  used  to  generate  fractography  for  this 
program.  Therefore,  the  conditions  of  the  prior  program  were  used. 

MP-159  tensile,  HCF  and  DCF  testing  was  performed  at  WRDC/MDSA  in  the 
form  of  AMS  5843  (solutionod,  wortec^  and  ag^  bars) .  Smooth  and  notched 
tereile  tests  were  conducted  at  593  C  (1100  F) .  Smooth  HCF  tests  were 
cmJucted  at  room  tenperature,  427  c  (800  F)  and  593  ^  (1100  J*) .  Notched 
DCF  tests  were  cojuducted  at  room  tenperature  and  593  C  (1100  F) .  Smooth 
DCF  testing  was  limited  to^ambient^coiiditions.  The  stress  ruptaire  ^jeclmen 
was  tested  in  house  at  649  C  (1200  F) . 

Ti-6Al-2Sn-4Zr-2Mo  was  tested  in  the  form  of  PWA  12^9  (bars^ond 
forgings) .  The  maximum  ^)ecified  service  temperature  is  538  c  (looo  F) .  The 
intermediate  test  tenperature  used  was  260  C  (500  F) .  The  stress  rapture 
test  was  conducted  at  510*^C  (950°F) . 

Ti-6A1-4V  was  tested  in  the  form  of  AMS  4928  (bars,  forgings  and 
rings) .  Hydrogen  embrittlanent,  the  only  test  required  of  this  alloy,  was 
performed  at  rocm  tenperature. 
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4.  l\est  Iktxix 


Ihe  matrix  of  tests  conducted  and  the  page  numbers  on  vMch  the  test 
results,  fractogre^y  and  metallography  can  be  found  are  listed  in  Tables 
IV-1  and  IV-2. 
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OS^ECE  IV-1:  Mateiicils  tested  aM  pages  cxsntaining  the  fractcgr^iiy  and 
metallogre^y  for  tensile,  I£F  and  HCF  specimens.  Also  included  are  the 
locations  of  the  fractography  overviews. 


MATERIAL 

OVERVIEW 

SMOOTH  NOTCHED 
TEHSIIE  TENSILE 

SMOOTH  NOTCHED 

HCF  HCF 

low  TEMP 
LCF 

HIGH  TEMP 
ICF 

M-50 

58-59 

NA 

60-68 

69-80 

NA 

NA 

81-91 

15-5  HI 

95 

NA 

NA 

NA 

NA 

NA 

NA 

OJSTCM  455 

108-109 

110-118 

119-127 

128-146 

NR 

NR 

NR 

347  SS 

156-157 

158-167 

168-179 

180-198 

NR 

NR 

NR 

A-286 

201-202 

203-211 

212-219 

225-240 

NR 

NR 

241-250 

INOOIDY  901 

261 

NR 

NR 

NR 

NR 

NR 

262-273 

INOOIOY  909 

285-286 

287-295 

296-304 

NR 

NR 

310-314 

315-324 

INOONEL  600 

340-341 

342-350 

351-359 

364-382 

383-401 

NR 

402-414 

INCO  X-750 

424-425 

426-435 

436-444 

451-466 

467-485 

NR 

486-497 

Wh  1480 

512-513 

514-530 

NR 

NR 

NR 

NR 

535-552 

MP-159 

564-565 

566-569 

570-574 

580-599 

NA 

600-605 

606-611 

612-614 

TI-6-2-4-2 

629-630 

631-640 

641-648 

654-669 

670-686 

NR 

687-698 

TI-6-4 

712 

NR 

NR 

NR 

NR 

NR 

NR 

NR  -  Not  requested 

NA  -  Not  available,  was  to  be  provided  by  WRDC/MLSA,  was  dropped 
from  the  matrix 
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'DfflLE  IV-2:  Materials  testa!  and  pages  containing  the  fractography  and 
metallogr^y  for  Uff,  stress  n^jture,  stress  corrosion,  hydrogen 
entorittlonent  and  the  locations  of  service  failures. 


IN-fflASE 

MATERIAL  IMF 

OOT-OF-FHASE  STRESS 
TrtF  HJFTURE 

STRESS  HYCKOGEN 

CORROSION  EMBRimiMENr 

SERVICE 

FAHLRE 

M-50 

NR 

NR 

NR 

NR 

NR 

92-94 

15-5  FH 

NA 

NA 

NA 

96-99 

100-103 

104-107 

CUSTCM  455 

NR 

NR 

NR 

147-151 

152-155 

- 

347  SS 

NR 

NR 

NR 

NR 

NR 

199-200 

A-286 

NR 

NR 

220-224 

251-253 

254-258 

259-260 

INODIDY  901 

274-277 

278-282 

NR 

NR 

NR 

283-287 

INOOIDY  909 

325-330 

331-336 

305-309 

NR 

NR 

337-339 

INCONEL  600 

415-417 

415-417 

360-363 

NR 

NR 

418-423 

INOO  X-750 

i 

498-502 

503-508 

445-450 

NR 

NR 

509-511 

im  1480 

NR 

553-559 

531-534 

NR 

NR 

560-563 

ME^159 

615-620 

621-626 

575-579 

NR 

NR 

627-628 

TI-6-2-4-2 

699-704 

705-711 

649-653 

NR 

NR 

- 

TI-6-4 

NR 

NR 

NR 

NR 

713-717 

718-725 

NR  -  Not  requested 

NA  “•  Not  available,  was  to  be  provided  by  WRDC/MI5A,  was  dropped 
from  the  matrix 
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M-50  (Bearing  and  Tool  Steel) 

Maty»Hal  Description 


M-50  is  a  semi-hi^-speed  steel  that  is  used  in  woodworking  tools, 
punp  vanes  and  large  gear  assemblies.  In  the  aerospace  industry  it  is  used 
extensively  in  gas  turbine  engine  bearings  and  other  rolling  elements. 
M-50  can  be  throu^  hardened  to  HRC  64  but  because  it  is  quite  brittle  in 
tlia  fully  hardened  condition,  it  is  generally  tenpered  to  HRC  55-60. 

The  material  xxsed  in  this  stu^  was  AMS  6491  heat  treated  to  AMS 
2759/2.  Ihe  typical  roan  tejiperature  mechanical  properties  for  AMS  6491 
are  as  follows: 

350  ksi 
250  ksi 
2.0% 

ASTM  7  or  finer  occa.  5  permissable 
HRC  60-62 

Fractoaranhv  Overview 

M-50  is  a  relatively  brittle  material  especially  at  noora  teirperature. 
Uiis  is  ooTtrolled,  in  part,  by  the  tercpering  tenperature.  Hiis  brittle 
nature  was  evident  in  both  the  mechanical  test  data  and  in  the 
fractography.  The  rooro  tetperature  smooth  tensile  specimen  fractured  in 
the  threads  at  a  stress  of  196  ksi.  This  is  below  the  expected  yield 
stress.  The  fracture  eadiibited  diirpled  overstress  but  little  visutil’ 
deformation  or  other  evidence  of  ductility.  The  ^cture  was  flat  and 
occurred  perpendicular  to  the  stress  axis.  The  600  F  notched  tensile  test 
^)ecimen  liad  a  hi^er  ultimate  tensile  strength,  238  ksi,  and  ediibited 
more  ductile  features.  At  low  magnification  ths  fracture  surface  had  far 
more  change  in  elevatiwi  ccnpared  to  the  flat  rocam  tenperature  ^secimen. 
At  magnificatioTB  above  lOOOX  dinpled  overstress  with  indications  of 
ductility  such  as  elongated  ding)les,  tearing  and,  in  general,  deqper 
features  were  visible.  The  600  F  test  specimen  appeared  to  have  more 
cracked  carbides.  This  may  be  because  as  the  matrix  becomes  more  du(3tile 
the  carbides  are  relatively  more  brittle. 

The  final  overstress  areas  of  the  fatigue  ^)ecimens  followed  the  same 
txends  with  taiperature  tgat  were  seen  m  the  tensile  ^linens.  Both  the 
room  temperature  and  600  F  smooth  HCf  specimens  exhibited  a  very  f;^t 
initial  fatigue  progression  with  quasi-cleavage  features.  The  600  F 
^jecimen  had  its  localized  origin  at  a  carbide  and  the  room  tenperature 
^)ecimen  originated  at  the  surface  near  a  carbide  but  it  was  not  clear  that 
the  carbide  contributed  to  the  initiation.  Neither  HCF  specimGn  exhibited 
fatigue  striations  or  cracl^like  striations  in  their  stage  II  fatigue 
progression  areas.  The  600  F  specimen  had  a  distinct  sltear  lip  in  the 
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Ultimate  Tensile  Strength: 
0.2%  Yield  Strength: 
Percent  Elongation: 
Required  Grain  Size: 
Measured  Hardness: 


LCF  tests  were  conducted  at  600°F  on  both  smooth  and  notched 
^jecimens.  The  smooth  ^jecimen  had  a  single  origin  area  but  no  localize! 
origin.  The  small  fatigue  prepagation  area  ejdiibited  feathery  cleavage 
before  the  specimen  frac±urad  due  to  tensile  overstress.  The  entire 
surface  of  the  ^secimen,  with  the  exc^ion  of  the  origin,  had  a  distinct 
shear  lip.  The  notched  LCF  specimen  had  a  broader  origin  area  with  several 
loccdized  origins  and  progression  zones.  The  fatigue  progressed  cxily  0.001 
inch  into  the  ^jecimen  before  final  overstress  occurred.  Several  of  the 
local  origins  were  asscciated  with  carbides  at  or  near  the  surface.  The 
very  small  fatigue  zones  eidiibited  only  quasi-cleavage  and  feathery 
cleavage  features. 


MMTOTAT. 

M-50 

AMS  6491  Bar  (Ifeat  Treated  to  HRC  60-62) 

TECT  DMA 

TEST  TYFE 
Notdied  Tensile  * 

TEST  aaroinais 

strain  Rate;  0.005  (0.005  iiyiVinin)  roeasured  in  gage. 

Atmosphere:  2^ 

Tarperature;  Rocm  Teroperature 

Test  Directicsi;  longitudinal 

TEST  RESUITS 

Ultiinate  Strength;  1351.4  MPa  (196  ksi) 

*  Smooth  Tensile  specimen  that  fractured  through  threaded  area. 


FAL  94240  MAG;  lOX 


FIGURE  1-1:  Test  results  and  fractograpliy  of  M-50  room  tesiperature  notched 
tensile  test.  Hie  fracture  surface  exhibits  directicxiality  appearing  to 
propagate  from  bottoRi  left  to  top  right  of  tlie  photograph  (arrow) . 
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FICSJRE  1-2;  Optical  photonicrx^graf*  of  a  section  throu^  the  base  of  the 
notch.  Some  secondary  cracking  is  visible  parallel  to  tlia  primary  fractiire. 
Ihe  fracture  is  predcsidnantly  transgranular. 


Etdiant:  5%  Nital 
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EMI  99389 


MAG;  50X 


FIGURE  1-3:  Lew  magnification  photograph  showing  relatively  flat  fracttire 
through  a  thread  root. 
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FAM  99390 


MAG:  200X 


FIGURE  1-4:  Higher  magnification  photograph  of  tlie  center  of  the  fracture 
surface. 
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FIGURE 

Figure 


FIGURE 


FAM  99391  MAG:  lOOOX 


1-5;  Hi^er  magnification  photogrc^  of  the  area  shewn  in 
1-3,  showing  dinpled  overstress. 


FAM  99392  HAG:  3000X 

1-6;  Fine  dinpled  overstress  associated  with  carbides  (arrows) 
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M-50 

AMS  6491  Bar  (Heat  Treated  to  HRC  60-62) 

TEiSr  DATA 

TEST  TYPE 
Notched  Tensile 

TEST  ooNDirrcajs 

Crosshead  Speed;  1.27  iraVmin  (0.05  iiymin) 
Atmcx^here:  Air 

Ten|)erature:  316°C  (600°F) 

Test  Direction:  Iraigitudinal 

TEST  RESOITS 

Ultimate  Strength;  1640.9  MPa  (238  ksi) 


FIGOKE  1-7;  Itest  results  and  fractography  of  M-50  316°C  (600°F)  notched 
tensile  test.  Itie  fracture  surface  appears  to  exhibit  deeper  features  than 
tile  room  tesrperature  j^iecimen.  See  Figure  1-1.  No  clear  originaticai  area 
is  visible. 
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KAM  99746  MAC:  200X 


FIGURE  1-8;  Optical  photcinic£cgi:aph  of  mstallographic  cxvsb  section 
tlirough  the  base  of  the  notch,  Ihe  fracture  exhibits  deep  features  and  a 
secondary  crack  adjacent  to  the  primary  fracture  (arrow) .  Ihe  fracture  is 
predominantly  transgranular. 

Etchant:  5%  Nital 
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FIGURE  1~10:  Itie  fracture  surface  ai:^)ears  to  exhibit  dinipled  overstress 
altliough  no  dinples  are  resolvable  at  this  magnification. 
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MftG:  lOOOX 


FIO^  1-11;  Very  fine  diitpled  overstress  with  larger  fractured  rgiyhifV>s 
visible  in  several  areas  (arrcws) .  Contrast  the  inore  ductile  appearance 
with  the  room  tenperature  ^aecimen.  See  Figure  1-5. 
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FAM  99400  14AG:  lOOOX 


FIGURE  1-13:  Flatter  features  and  finer  dirtples  near  the  edge  of  the 
specimen  fracture  surface. 


FAM  99401  HAG:  3000X 


FIGURE  1-14:  Higiier  magnification  photograjii  of  the  area  sliown  in  Figure 
1-13. 
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MRTKRTAT. 


M-50 

Me  6491  Bar  (Heat  Treated  to  HRC  60-62) 

TRgr  DATA 

TEST  TYPE 
Smooth  HCF 


TEST  OCMDinCNS 
Stress: 


Stress  Ratio: 
Frequency: 
Atmo^here: 
Teatiperature: 
Test  Direction: 


551.6  MPa  (80  ksi)/27.6  MPa  (4.0  Icsi)  CNF  * 
827.4  MPa  (120  ksi)/41.37  MBa  (6.0  ksi) 

0.05 

1800  cpn 
Air 

Room  Tenperature 
longitudinal 


TEST  RESUUTS 

cycles  to  Fracture:  1.0x10°  (DNF),  27,600 


*  Did  Not  Fracture 


EAL  94290  MAG:  14X 


FIGSXRE  1-15:  Test  results  and  fractography  of  M-50  rocm  tatperature  smooth 
HCF  test.  The  entire  fracture  occurrced  on  a  plane  perpendicular  to  the 
stress  axis.  Features  can  be  seen  radiating  from  an  origin  area  (arrow) . 
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mi  100229  MAG:  200X 


FAM  100230  HAG:  500X 


FIGURE  1-16:  Pair  of  iixjreasing  iragnification  optical  photomicrographs 
showing  the  fatigue  progression  area  oji  a  plai-se  |.x5rpGndicular  to  the  stress 
axis.  Tile  fracture  is  predouinantly  transgranular. 

Etchant:  5%  Nital 
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FAM  99430  MAG;  50X 


FIGURE  1-17;  ICM  magnificaticMi  photograph  shewing  fatigue  initiation^  and 
progression  on  a  plane  approxinately  perpendicular  to  the  stress  axis. 
Features  can  be  seen  radiating  from  the  origin  area  (arrow) . 


FAM  99431  HAG;  200X 


FIGURE  1-18:  Higlier  magnificaticMi  view  of  the  origin  area,  liie  features 
are  radiating  frxsn  a  localized  area  (arrow) . 
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'  '  ":A  ■  ' 


ERM  99432  MAG:  lOOOX 


FIGURE  1-19:  Hi<^er  itagnification  of  the  origin  shown  in  Figure  1-18. 
No  defects  are  visible.  A  carbide  (arrow)  is  present  at  the  origin  but  it 
is  unclear  vAiether  or  not  it  contributed  to  fatigue  initiation. 


FIGURE  1-20:  Area  adjaoetit  to  tlie  origin  exhibit ii-q  guasi-cleavage 
features  (mixture  of  fine  cleavage  and  tearing  ridges) .  No  directionality 
is  discernible. 
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FM  99434  MfiG:  3000X 


FIGUPE  1-21;  Higher  mgnificaticai  photograph  of  the  area  shown  in  Figure 
1-20. 


FIGURE  1-22;  Pinal  overstress  area  ejdiibiting  features  siinLlcur  to  the  room 
tett|)erature  teaisile  speciiaen.  See  Figure  1-5. 
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ERM  99436 


MRC:  3000X 


FIGURE  1-23:  Fine  dinples  in  the  final  overstress  area. 
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icvmgaL 


M-50 

AMS  6491  Bar  (Heat  Treated  to  HRC  60-62) 
TRgr  mTft 


TEST  TYFE 
Smooth  HCf 


TEST  0CM)TnaJS 


Stress: 


Stress  Ratio: 
Frequency: 
Atmosphere: 
Tenperature: 
Test  Direction: 


551.6  MPa  (80.0  ksi)/27.6  MPa  (4.0  ksi)  ENF* 
689.5  MPa  (100.0  ksi)/34.5  MPa  (5.0  ksi)  CNF 
758.4  MPa  (110  ksi)/37.9  MPa  (5.5  ksi) 

0.05 

1800 

Air 

316°C  (600‘^F) 

Longitudinal 


TEST  RESULTS 

Cycles  to  Fracture:  1.0x10°  (CNF),  1.0x10°  (CNF),  1.01x10^ 


*  Did  Not  Fracture 


FAL  94291  HAG:  14X 


FIGJRE  1-24:  Test  results  and  fractograpliy  of  M-50  316°C  (600°F) 
smootli  HCF  test.  The  fracture  is  relatively  flat  with  a  small  shear  lip 
(arrow  A)  cxtendii>g  90%  of  the  way  arouivd  the  specimen.  Features  can  be 
seen  radiating  from  a  subsurface  origin  (arrow  B) . 
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FISJRE  1-25:  Optical  photcndcrograph  showing  the  transgranular  fatigue 
progression  area.  Ihe  fracture  surface  is  very  flat,  witli  a  thin  white- 
etching  layer  possibly  caused  by  rubbing  of  the  mating  surfaces  toother 
during  crack  propagation. 


Etchant;  5%  Nital 


l  '6'c  :<■  6  0  0-F 


FIGURE  1-26:  low  magnification  photograph  shewing  fatigue  initiation  and 
progressioi  cai  a  plane  perpendicular  to  the  stress  axis.  Features  can  be 
seen  radiating  from  a  subsurface  origin.  A  small  shear  lip  is  visible  on 
either  side  of  the  origin. 


FAM  99413  MAG:  200X 


FIGURE  1-27:  Higher  magnification  view  of  the  origin  area.  A 
raolybdsnuin/vanadium-rich  carbide  acted  as  a  localized  origin. 
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EAM  99414  MAG:  lOOOX 


FIOTRE  1-28:  High  magnification  photograph  of  the  origin.  A  second  carbide 
(arrow)  is  visible  adjacent  to  the  one  that  initiated  the  fracture/  but  it 
does  not  a^^iear  to  have  contributed. 


FIQJRE  1-29;  Smeared  oxidized  features  near  the  origin.  No  fatigue 
features  are  visible. 
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EAM  99416  MAG:  lOOOX 

FIGURE  1-30:  Overstress  ax-ea  adjacent  to  the  fatigue  prc^gation  area. 


EAM  99417  MAG:  3000X 

FIGURE  1-31:  Higher  magnification  view  of  the  area  shown  in  Figure  1-30. 
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FIGURE  1-33;  Higher  magnification  photograpli  of  the  final  overstress  area. 
Shalli^  sliaar  dinples  are  visible. 
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WVTTKIAT. 


M-50 

AMS  6491  Bar  (Ifeat  Treated  to  HRC  60-62) 

TEST  Dftaai 

TEST  TCTE 
Smooth  ICF 

OEST  OONDinONS 
Stress: 

Stress  Ratio: 

Frequency: 

Atmosphere: 

Tanperature; 

Test  Direction: 

TEST  REsmas 

cycles  to  Fracture:  1900 


1378.9  MPa  (200  ksi)/68.9  MPa  (10.0  ksi) 

0.05 

10  cpm 

Air 

316°C  (600°F) 

Longitudinal 


FAL  94289  MAG:  14X 


FIGUKE  1-34:  Test  results  and  fractography  of  M-50  316°C  (600°F)  smooth 
IGF  test.  The  fracture  ejdiibits  a  shear  lip  extending  itore  than  90%  of  tlie 
way  around  the  specimen.  Features  can  be  seen  radiating  from  an  origin 
(arrow) . 
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ERM  100468 


MAG:  200X 


FIGURE  1-35:  Optical  photcnu.crx5graph  of  a  iinetallographic  crcss  section 
through  the  final  overstress  area.  A  shear  lip  is  visible  on  the  right  side 
of  the  photograph. 


Etchant;  5%  Nital 


F3«f  99437  MftG;  SOX 


FIGURE  1-36;  Low  magnification  pl^atogr^  shewing  the  fatigue  origin  area. 
A  shear  lip  is  visible  on  either  side  of  the  origin.  Hie  extent  of  the 
fatigue  is  shown  by  arrows. 


FAM  99438  MAG:  2UOX 


FIGURE  1-37:  Higher  magnification  view  of  the  origin  area.  Features 
radiate  from  the  surface  of  the  specimen. 
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FftM  99439  MAG:  lOOOX 


FIGl^  1-38:  Higher  magnification  view  of  the  origin.  No  defects  are 
visible.  The  fracture  features  resemble  feathery  cleavage. 


FAM  99440  MRG;  3000X 

FIGURE  1-39;  Fracture  features  in  the  fatigue  tliumbnail  are  oxidized. 
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FIGURE  1-40:  Dijotpled  overstress  adjacent  to  the  fatigue  thumtaiail. 


FAH  99442  MAG:  3000X 


riGURE  1-41:  Higher  magnificat iwj  photograph  of  the  area  shown  in 
Figure  1-40.  Pine  overstress  diirples,  carbides  and  fractured  carbides  are 
visible  (arrcws) . 
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EAM  99444  MAG;  lOOOX 

FIGURE  1-43:  Equiaxed  dinples  and  shallow  shear  diuples  on  the  shear  lip. 
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»-50 

AMS  6491  Bar  (Heat  Treated  to  HRC  60-62) 

•raST  DfiJA 

TEST  TYPE 
Notched  I£F 

TEST  CrMDITlaJS 
Stress; 

Stress  Eatio: 

Frequency: 

Atino^^ere: 

Tsiperature; 

Test  Direction: 

TEST  RESUITS 
cycles  to  Fracture:  500 


689.5  MPa  (100.0  ksi)/34.5  MPa  (5.0  Ksi) 

0.05 

10  cpi 

Air 

316°C  (600  F) 
longitudinal 


FAL  94288  MAG:  14X 


FIGURE  1-44:  Itest  results  and  fractography  of  M-50  316°C  (600°F)  notched 
l£F  test.  Sane  directionality  is  visible  indicating  propagation  froca  a 
diffuse  sairface  origin  (bracket).  A  narrow,  discontinuous  sliear  lip  is 
visible  (arrow) . 
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FAH  99748  HAG:  260X 


FIGURE  1-45:  Optical  photaTiicrograpii  of  a  soctioji  througJi  the  final 
cfverstress  area.  A  small  si^ear  lip  is  visible  (arrow) .  Ihe  fractaire  is 
prodatunantly  transgranular. 

Etdiant:  5%  Nital 
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FAH  99422  MAG:  50X 


FIGU^  1-46;  icM  magnification  photograph  showing  fatigue  initiaticai  fron 
ntultiple  surface  origins.  Itie  fatigue  progressed  to  a  very  shallow  (i^ith 
before  final  overstress  occurred. 


FAM  99423  HAG:  200X 


FTiOJiRE  1-47:  Ftiltiple  origins  at  tlie  surface  of  the  spociman.  Ibe  d^th 
of  the  fatigue  progresssion  is  sliown  by  arrows  A.  St<^  (anxjws  B)  can  be 
seen  separating  localized  origins. 
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FIGURE  1-50: 
are  visible 


FIGURE  1-51: 


FAM  99426  MAG:  lOOOX 


Final  overstress  area.  Several  carbides  and  cracJced  carbides 
(arrcws) . 


FAM  99427  MAG:  3000X 

Higlier  magnification  view  of  tl:e  area  sfiown  ii:  Figure  1-50. 
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SERVICE  FATTIIRR 


FRACTURE  M3DE  Rolling  Contac±  Faticaie  fRCF) _ 

PART  NAME  Number  Three  Bearing  Assembly _ 

OPERATICN  DATA  Rirt  operated  under  standard  gas  tuitoine  engine _ 

oonditiors  (no  oil  starvation  or  overtemperature) «  No 
asscxjiated  encriiv^  HaTTwgia  oocurred. _ 

PART  TIME  165  hours _ 


MAT'L 


BASE  _ 
QflHER 


HARDNESS  _ 
GRAIN  SIZE  I 
DIMENSIONAL 


REQUIRED 

ACTUAL 

M-50  steel 

-  confirmed 

HRC  60-66 

-  HRC  64-65  * 

ASTM  7  or  finer 

-  ASIM  9-10 

- 

— 

*  Diamond  pyramid  hardness  (DEH)  conversions. 


SUMMARY;  Isolated  number  three  bearing  ball  spall  with  associated  raceway 
and  cage  damage  was  the  result  of  rolling  contact  fatigue  {RCE) .  RCF  is  a 
failure  mode  unique  to  parts  such  as  bearings  that  are  cyclically  loaded  in 
ccKipression.  The  ^11  surface  exhibited  coarse  arrest  marks  indicating 
propagation  in  several  di£ectic«r\s  (Figure  1-53) .  No  localized  origin  could 
be  identified.  Metallographic  sections  tJtrou^  the  ^)all  revealed 
microstructural  alteratiws  known  as  “butterflies"  (Figures  1“56  and  1-57) . 
Butterflies  are  generally  associated  with  RCF  and  can  occur  before,  durir^ 
or  after  spalling.  No  other  material  or  nucrostructural  ananalies  ware 
found. 
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EAL  90708  MAG;  3X  EAL  90709  MAG;  8X 

EIGURE  1-52;  Overall  photxjgraph  of  the  FIGURE  1-53;  Hi^er  magnification 
spall  on  a  single  ball.  Adjacent  balls  photograph  shewing  coarse  arrest 
had  damage  caused  ty  the  debris  marks  indicating  prepagation  in 

liberated.  several  direct icais  (arrows) . 


EAH  98220  HAG;  30X  FAM  98221  HAG;  400X 

FIGURE  1-54:  Coarse  arrest  marks  in  the  FlOJiyr  1-55;  Coarse  arrest  narks 
Sfialled  area  (arra^/).  (arrow). 
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FIOJRE  1-56:  Micaxjsttuctural  alteratiais  FIGUKE  1-57;  Higher  rnagnification 
known  as  "butterflies”  (arrows) .  photograph  of  a  butterfly  on  the 

surface  of  the  spall  (arrows) . 


Etchant;  5%  Nital 
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15-5PH  (Stainless  Steel) 

Ifeterial  Descripticn 


15-5  FH  is  a  delta  ferrite  free  precipitation  hardening  martensitic 
stainless  steel.  It's  ccnposition  is  similar  to  17-4  HI  with  2%  less 
chranivim  and  higher  nickel  content.  Precipitation  hardening  lesul'^  frcm 
precipitatioa  of  a  copper-rich  phase  at  temperatures  of  900  to  1150  F.  The 
corrosion  resistance  of  15-5  FH  is  similar  to  Type  304  stainless  steel  and 
its  oxidation  resistance  is  r^xarted  to  be  better  than  TVP®  410  but 
inferior  to  Type  430  stainless  steel.  The  alloy  is  produced  in  many  forms 
including;  plate,  bar  and  wire. 

The  material  used  in  this  study  was  AMS  5659  heat  treated  to  AMS 
2759/3  (ccnsumable  electrode  melted  and  solution  heat  treated  and  hardengd) 
with  a  hardness  of  HRC  38-45  after  precipitaticxi  heat  treatment  at  925  F 
for  4  hours.  The  typical  room  tenperature  mechanical  properties  for  ASM 
5659  are  as  follows; 

Ultimate  Tensile  Strength: 

0.2%  Yield  Strength; 

Perosnt  Elongation; 

Percent  Reduction  in  Area; 

ASIM  Grain  Size: 


Measured  Hardness; 

FYmAoqraEhy  Overview 

Only  two  tests  were  conducted  on  15-5  HI:  stress  corrosion  and 
hydrogai  anbrittlement.  The  stress  corrc^ion  t^t  was  conducted  on  a 
U-bend  specimen  in  a  3.5%  NaCl  vapor  at  95  C  (203  F) .  The  test  tarperature 
was  chosen  to  acxjelerate  the  fracture.  The  qpecimen  fracture  surface  was 
classical  intergranular,  originating  on  the  tensioti  side.  This  was 
determined  by  Icxaking  at  corrosion  deposits  both  on  the  surface  of  the 
specimen  and  on  the  fracture  surface.  A  thin  shear  lip  was  present  alcxig 
tiie  oorpression  surface.  The  metallographic  section  confirmed  the 
intergranular  nature  of  the  fracture  and  revealed  brandling  intergranular 
secondary  cracks  characteristic  of  SOC.  The  hydrogen  erhrittlenent 
specimen  was  charged  for  12  hours  in  gaseous  hydrogen  tlien  tested  under 
static  tension  loading  ocxditions  in  air.  The  specimen  was  tested  at  a 
stress  of  244  ksi  for  99.3  hours  at  whidi  point  the  stress  was  increased  to 
273  ksi.  Fracture  ooairred  after  0.7  hours  at  this  higher  stress.  The 
fractures  surface  was  primarily  diirpled  overstress  witii  secondary  cracks.  A 
narrcw  shear  lip  possibly  ocxitaining  reannant  cleavage  features  was  visible 
at  the  base  of  the  notch. 


170  ksi 
155  ksi 
10%  min. 
38%  min. 
Required 


Measured 


No  Requirement  14.5 

HRC  42-44  (DFH  Oonversicais) 
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MaTBEOAL 

15-5  FH 
AMS  5659  Bar 

lEgr  DAJA 

TEST  TYPE 
Stress  Corrosion 

TEST  CONDina^S 
Stress; 

Environment; 

Tenperature; 

Test  Direction; 

TEST  RESUITS 
Time  to  Fracture;  384  hours 


940  MPa  (136  ksi) 

3.5%  NaCl  (siinulated  sea  water)  vapor 
95^C  (203°F) 
longitudinal  U-bend 


FAL  94625  Tension  Side  MAG;  3X  FAL  94624  Oonpression  Side  MAG;  3X 

FIGURE  2-1;  Test  results  and  fractography  of  15-5  Hi  stress  corrosion 
test.  fracture  is  shewn  from  the  tension  side  (left)  and  oarpression 
side  (right) .  Hie  tension  side  exhibited  corrosion  attack  and  deposition 
oorrosioji  products.  Ihe  ocupression  side  was  relatively  free  of  attack. 
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FAM  100265  MAG:  200X 


FIGURE  2-2:  Optical  photaiucrograplis  shc^-zit^g  the  ii^tergranular  nature  of 
tlie  primary  fracture  patli  (arrows,  t<p)  and  typical  intergraiuilar  brandling 
secondary  crack  (bottom) .  Often  tlicse  branching  secx>ndary  cracks  are  a 
significant  indicaticui  that  the  fracture  mode  is  stress  corrosion. 

Etchant:  Vilella's  Reagent 
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FIGURE  2-3;  Lew  magnification  photograph  of  the  fracture  surface 
eidiibiting  intergranular  features.  Ihe  final  overstress  area  is  visible  as 
a  thin  banti  at  tlie  t^:iper  edge  of  the  specimen  (arrows) . 


FAH  99696 


HAG;  200X 


FIGURE  2-4:  Oxidized  intergranular  fracture. 
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EAM  99697  MAG;  lOOOX 


nciJPE  2-5:  Higher  magnification  photograph  of  the  area  shewn  in  Figure 
2-4,  exhibiting  intergranular  fracture.  Corresion  products  are  visible  on 
the  grain  faces. 


FAN  99691  HAG:  lOOOX 


FIGURE  2-6:  Final  overstress  area.  ISie  features  have  been  smeared  but 
raonant  dirples  appear  to  be  present. 
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MAJHaM:. 


15-5  FH 
AMS  5659  Bar 

TEST  DA3A 

TEST  TYPE 

Hydrogen  Embrittlement 
TEST  OCMPmavIS 

Stress;  1687.3  MPa  (244  ksi)  DNF* 

1882.3  MPa  (273.0  ksi) 

Atmosphere;  Tested  in  air 

Tenperature;  Room  Temperature 

Test  Direction;  Longitudinal 

Charged  for  12  hours  in  gaseous  H2  at  5000  psi 

TEST  RESULTS 

Time  to  Fracture;  99,3  hours  (DNF),  0.7  hours 
*  Did  Not  Fracture 


FIOJRE  2-7;  Test  results  and  fractography  of  15-5  HI  hydrogen  embrittlement 
test. 


FIC3JRE  2-8:  Optical  pJiotaiucnogr^^pJi  shvwiiig  a  mixtiu?e  of  transgranular  ar»d 
intergranular  frac±ui:i2  patJis.  Su«e  secxa^iary  grain  boundary  separation  is 
visible  (anxiws) . 

Etdiant:  Vilella's  Iteagent 


I 
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FAM  99639  MAG;  SOX 


FIGUI^E  2-9:  Lew  magnification  pJiotograph  of  the  fracture  surface 
e>diibiting  dinpled  overstress  witii  an  intermittent  sliear  lip  (bracket) 
along  the  specimen  surface.  No  clear  evidei'ice  of  embrittlement  was 
observed. 


FAN  99640  MAG:  200X 

FIGUlUi  2-10:  Hii^icr  mgnificaticn  piiotograpti  of  the  ecige  of  tiie  specimen. 
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FAM  99641  MAG:  lOOOX 


FIGURE  2-11:  Possible  remnant  cleavage  features  at  the  edge  of  the 
^Jecunen  (arrows). 
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SERVICE  rTOIIJRE 


ERACIURE  M3DE  Overstress _ 

PART  NAME  Auqmentor  Nozzle  Oontrol  Flex  Shaft _ _ 

OPERATICN  DftIA  Flex  Shaft  operates  in  a  non-unifron  1cm  cycle  stress 
_ environment. _ 

PART  TIME  488.6  hours  (2235.75  operational  cycles) _ 


REXXJIRED 


ACJITJAIj 


BASE _ 17-7  FH  (stainless  steels  -  cxinfirmed 

MAT'L 


OIHER 

RARENESS _ ' 

GRAIN  SIZE _ ■ 

DIMENSIONAL 


_ No  Requirement  -  HRC  45-59  * 

_ No  Requirement _ _ ^ _ :: _ 

Required  strand  thickness  - O.D.  strand  thickness 

not  available.  0.030-0.031  inch 


*  Diamond  pyramid  hardness  (DPH)  conversion. 


SUMMARY;  After  fracture  of  tlie  O.D.  strands,  the  flex  shaft  drive  continued 
to  c^jerate  causing  the  fractured  strands  to  rub  together,  smearing  the 
fracture  features.  Only  overstress  features  were  found  on  the  other 
strands.  No  material  or  microstructural  anctnalies  were  found. 
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FAL  91369 


MAG;  2X 


FAL  31370 


MAG:  3X 


FIGURE  2-12;  Overall  photograph  of  the  FIGURE  2-13:  End  view  of  the 
fractured  flex  shaft  end.  Ohe  strands  fractxired  flex  sliaft. 
are  twisted  and  rubbed. 


FIGURE  2-14:  SEM  photograph  of  a  FIGURE  2-15;  Higher  magnification 

fractured  stand.  Itie  fracture  appears  to  photograph  showing  a  mixture  of 
be  the  result  of  torsional  overstress.  tensile  euid  sliear  dinples  :^ear 

the  center  of  the  strand. 
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SERVICE  P^TTIIRR 


ERACrURE  Mixe  Fatigue  (probable  LCF^ _ 

PART  NAME _ AtKimentor  Nozzle  Control  Primary  Flex  Shaft _ 

OFERAnON  DATA  Strands  were  found  fractured  durim  tear-down _ 

inspection.  Ihe  shaft  operated  in  a  non-uniform  low 
cycle  stress  environment. _ 

PART  TIME _ 146  hours  (707  coerational  cycles^ _ 


REQUIRED  ACTUAL 

BASE _ 17-7  FH  (stainless  steel V -  oonfinned 

MAT'D 

OTHER _ ^ ^ _ 

HARENESS _ _ No  Recaiirement _ _  HRC  59-60  * 

GRAIN  SIZE _ ; _ :: _ _ _ 

DIMENSIONAL _ O.D.  strand  tldckness  not  -  0.030-0.032  inch 

available. 

*  Diamond  pyramid  hardness  (DPH)  conversion. 


SUMMARY;  Five  O.D.  strands  fractured  by  fatigue  (probable  ICF)  with  origins 
c»i  their  inside  surfaces.  The  fatigue  progressed  20-50%  of  tte  way  throu^ 
the  strands.  No  material  or  microstructural  ancroalies  were  found. 
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FAL  92140  MAG:  2X  FAL  92141  MAG;  20X 

FIGURE  2-16:  Overall  photograph  FIGURE  2-17:  Close-i;^  photograph 

of  the  end  of  the  shaft  shewing  five  of  the  five  fractured  strands.  Ihe 
fractured  strands  (arrow) .  smooth  af^jearanoe  cai  the  I.D.  side 

of  the  strands  indicates  fatigue. 


FAL  93429  MAG:  lOOX  FAL  93431  HAG:  lOOOX 

FIGURE  2-18:  SIM  photograjii  of  a  FIGURE  2-19:  Fatigue  progression 

fractured  strand.  Ihe  fatigue  origin  near  the  origin  area.  Remnant 
area  is  visible  at  the  right  (arrow) .  striations  are  shown  by  brackets. 
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Custom  455  (Stainless  Ste^l) 

Haterial  Descrirrtdan 


Custcci  455  is  a  low  cariaon  Ni-Cr  stainless  stgel  witli  good  corrosion 
resistance.  Solution  heat  treating  at  1500  F-1550  F  followed  by  a  v?ater 
quench  prcducgs  a  in^j±ensitic  structure  that  is  subsequently  aged  for  4 
hours  at  900  F-1000  F  followed  by  ai^  cooling.  Optimara  mechanical 
properties  are  cbtained  by  aging  at  950  F.  Custcm  455  is  easily  fabricated 
and  is  available  as  billets,  bars,  si)apes,  wire,  forgings,  sheet,  strip, 
plate  and  tubing. 

Ihe  material  used  in  this  study  was  AMS  5617  heat  treated  to  AMS 
2759/3  (H950)  wigh  a  required  hardness  of  HRC  41.5-44.5  after  precipitaticai 


treatment  at  950  F  for  4  hours. 

H950 _ HIOOO 

Ultimate  Tensile  Strength:  225  ksi  200  ksi 

0.2%  Yield  Strength:  210  ksi  185  ksi 

Percent  Elongaticn:  10%  min.  10%  min. 

Percent  Reduction  in  Area:  40%  min.  40%  min. 


Measured  Hardness:  HRC  47-48  (DHi  Conversions) 


stSSiSilEjjjli 


Smgoth  and  notched  tensile  tests  were  conducted  at  room  temperature 
and  800  F.  The  smooth  rocm  tertperature  specimen  had  its  primary  fracture 
originating  at  the  center  of  the  ^)ecimen  with  features  radiating  towards 
the  specimen  surface.  Ihe  entire  outside  surface  had  a  well  develqped 
0.015  inch  shear  lip  containing  very  fine  shear  dinpled  overstress.  The 
primary  fracture  exhibited  a  mixture  of  dinpled  overstress  and 
quagi-cleavage  features  with  secondary  cracking  and  cracked  carbides.  The 
800  F  smooth  tensile  specimen  fracture  surface  was  dcminated  by  a  large 
shear  lip  (0.040  inch).  The  primary  overstress  area  in  the  center  of  the 
specimen  did  not  slmw  the  directionality  that  the  room  tertperature  ^reciiten 
did.  This  area  exhibited  ductile  dinpled  overstress  with  void  coalescence. 
All^of  these  features  indicated  a  significarrt  incrmse  in  ductility  for  the 
800  F  specimen.  Both  notched  tensile  specimens  exhibited  a  narrow,  poorly 
defiled  shear  lip  at  the  base  of  the  r>otch  (0.005  indi,  BT;  0.010  inch, 
800  F) .  The  primary  fracture  of  the  room  tertperature  ^recinren  consisted  of 
dinpled  overstress  mixed  with  areas  of  quasi-cleavage.  This  mixture  ^ 
ductile  and  brittle  features  is  c:alled  mixed  mode  overstress.  The  800  F 
specimen  showed  only  ductile  dinpled  overstress  in  the  primary  fracture 
area.  Seme  of  the  larger  dimples  had  small  dinples  within  them.  The 
presence  of  the  stress  concentration  associated  with  the  notch  appears  to 
iiave  its  primary  affect  on  the  features  in  the  final  overstress  area.  In 
both  the  smooth  and  notched  ^>ecimens,  increasing  the  tenperature  results 
in  a  more  ductile  eppearanoe. 

Smooth  IKT* ^specimens^ were  tested  at  three  tenperatures:  room 
tenperature,  400  F  and  800  F.  KacroGcopically,  all  three  £pecimens  had  a 
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similar  a^spearance.  In  each  case  fatigue  initiaticai  and  propagaticai 
occurred  on  a  plane  rou^y  perpendicular  to  the  stress  axis.  Final 
ovgrstress  occurred  on  several  planes  tliat  formed  an  angle  of  approximately 
45  to  the  stress  axis,  ihe  fatigue  on  each  of  the  three  ^eciroens 
propagated  fron  one  local  origin.  The  roan  tenperature  and  400  F  ^seciroens 
had  local  origins  at  sli^tly  subsurface  defects,  possibly  voids.  Ihe 
fatigue  initiatioi,  Stage  I,  of  all  three  specimens  ejfhibited  feathery 
cleavage  features.  The  fatigue  striation  appearance  changed  with  increasing 
tenperature.  Ihe  roan  tenperature  ^)ecimen  exhibited  no  clearly  defined 
striatiais.  Possible  smooth  remnant  striations  were  visible  in  the  Stage 
II  propagation  zone.  These  could  cilso  be  the  result  of  smear.  Ihe  400  F 
^jecimeg  exhibited  striations  and  crack-liJte  striations  (secondagy  cracks) . 
The  800  F  ^jecimen  had  smoother,  flatter  striations  than  the  400  F  ^lecimen 
and  a  much  hi^er  percentage  of  large  crack-liJce  striations.  Ihe  final 
overstress  areas  on  all  three  specimens  exhibited  fine  diitpled  overstress. 
Ihe  dirrple  size  appears  to  increase  with  increasing  tenperature.  Both 
equiaxed  and  shear  diitples  were  present. 

Ihe  st^ss  ooigosion  cracking  U-bend  specimen  was  exposed  to  3.5%  NaCl 
V2por  at  95  C  (203  F) .  Ihe  fracture  exhibited  feathery  cleavage  in  the 
area  that  was  stress  corroded.  final  overstress  area  exhibited  fine 
dinpled  overstress.  Ihe  tension  side  of  the  U-bend  ^jecimen  had 
significant  attack  and  deposits  of  corrosion  products.  Ihe  ooKpressioi 
side  had  no  deposits  or  attack. 

Ihe  hydn^en  embrittlement  specimen  exhibited  almost  identical 
features  to  the  roan  tenperature  notched  tensile  test  with  the  exoqpticn  of 
small  patches  of  feathery  cleavage  at  the  specimen  surface  in  the  base  of 
the  notch. 


MftTERIM. 


CUStCRl  455 
AMS  5617  Bar 


TEST  DKDV 


TEST  TYPE 
Smooth  Tensile 


TEST  OCMDinONS 
Strain  Rate: 
Atmoe^ere: 
Tenperature: 
Test  Direction: 


0.005  inttytaiv^nin  (0.005 
Air 

Room  Tenperature 
longitudinal 


TEST  RESUIilS 
0.2%  Yield  Strength: 
Ultimate  Strength: 

Percent  Elongation: 
Percaent  Reduction  of  Area: 


1594.8  MPa  (231.3  ksi) 
1644.4  MPa  (238.5  ksi) 

11.5 

53.5 


FAL  92556  MAG;  15X 


Figure  3-1:  Test  results  and  fractography  of  Custom  455  room  tenperature 
smooth  tensile  test.  Ihe  primary  fracture  area  is  in  the  center  of  the 
iqpecimen  (arrow)  with  features  radiating  outward.  A  well  defined  final 
fracture  (shear  lip)  is  visible  along  the  outside  surfacse  of  the  specimen 
(bracket) . 
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i 

FAM  1002S6 


MAG;  50X 


9 


FAM  100297  MAG:  lOOX 

FIQJRE  3-2:  Optical  photomicrographs  shewing  the  shear  lip  and  deformation 
at  tire  edge  of  the  specimen  (tc^) .  Ihe  shear  lip  is  shown  by  an  arrow. 
Ibe  center  of  the  specimen  ejdiibits  transgranular  overstress  (botton) . 

Etchant:  Vilella's  Reagent 
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FIGURE  3-3;  Low  magnification  view  shewing  prima^  fracture  area 
esdiibiting  secondary  cracking  and  clearly  defined  final  overstress  area 
(shear  lip) . 


FAM  98387  MAG:  200X 


flGURE  3-4;  Dinpled  overstress  and  seexandary  cracking  (arrew)  in  the 
primary  fracture  area. 
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EAM  98389 


MAG:  3000X 


FIGURE  3-6:  High  magnification  photograph  showing  fine  dinpled  overstress 
and  fractured  carbides  in  the  primary  overstress  area. 
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FM  98390  "  '  MAG:  3000X 


FIGUPE  3-7:  Fine  shear  dinples  in  the  final  overstress  area, 
directions  of  relative  movement  is  shown  by  arrows. 


FIQJRE  3-8:  Pine  shear  dingles  in  tlio  final  overstress  area 


The 
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WATFRTAT. 


Custcm  455 
AMS  5617  Bar 

*ng?r  gym 


TEST  TYPE 
Smooth  Tensile 


TEST  cxM)mcyrs 
Strain  Rate: 
Atmosphere: 
Tenperature: 
Test  Direction: 


0.005  iraivAtiiiv/Evin  (0.005  iiyiiymin) 
Air 

427°C  (800°F) 
longitudinal 


TEST  RESUITS 
0.2%  Yield  Strength: 
Ultimate  Strength: 

Percent  Elongation; 

Percent  Reduction  of  Area: 


1101.1  MPa  (159.7  ksi) 

1192.1  MPa  (172.9  ksi) 
15.0 

66.9 


I 


FAL  92555 


MAG;  15X 


Figure  3-9:  Test  results  and  fractograpJiy  of  Custom  455  427°C  (80o'^) 
smootlr  tensile  test.  Ihe  fracture  is  dominated  by  a  large  final  overstress 
area  (shear  lip)  arxxaid  tire  specimen.  Ihe  size  of  the  slrear  lip  is  larger 
than  for  the  room  tenijerature  specimen  due  to  iircreased  ductility  at 
elevated  tarperaturre. 
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FIGURE  3-10:  Opti* 
of  the  entire  frad 


Etchant :  Vilella ' 


EftM  98392  MAG:  50X 


FIGURE  3-11:  l£M  magnification  view  shewing  relatively  small  primary 
fracture  area  at  the  center  of  the  fracture  surface,  with  large  area  of 
final  C5verstress  (shear  lip) .  Ihe  extent  of  the  shear  lip  is  shewn  bi'  a 
bracket. 


MftgHgM. 


CXlstxxn  455 
AMS  5617  Bar 

TEgr  DRTA 

TEST  TYPE 
Notched  Tensile 

TEST  ooroiTKajs 

Cros^iead  Speed;1.27  iran/itiin  (0.05  ir/min) 
Atmo^here:  Air 

Teirperature;  Room  Tenperature 
Test  Direction:  Longitudinal 

TEST  RESULTS 

Ultimate  Strength:  2416.0  MPa  (350.4  ksi) 


FAL  92559  MAG:  12X 

FIGURE  3~15:  Test  results  and  fractography  of  CUstan  455  room  tonperatura 
notched  tensile  test,  ihe  center  of  tl:e  specinten  exhibits  an  uneven 
appearancoe.  A  narrow  shear  lip  is  visible  along  tl:a  outside  of  the 
fiyecimen  (arrow) . 
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FAM  100234  14AG;  200X 


FIGURE  3~16:  Optical  photomicrograph  showing  the  transgranular  ^pearance 
of  the  fracture  surfacse  path  near  the  center  of  the  ^jeciinen. 

Etchant:  Vilella’s  Reagent 
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FIGURE  3-17:  Law  magnification  photograph  showing  deep  features  in  the 
primary  overstress  area  and  a  small  final  overstress  area  (shear  lip) . 


FAM  98377  MAG;  200X 


FIGURE  3-18:  Sliallow  dinples  and  d&sp  features  in  the  primary  overstress 
area. 
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Fm  98378 


MAG:  lOOOX 


FIGURE  3-19:  Very  fine  shallcw  dirrples  between  areas  of  fine  cleavage. 


FAM  98379  MAG;  3000X 


FIGURE  3-20;  Fine  diitples  (arrow)  between  areas  of  fine  cleavage  (mixed 
mode  overstress) . 
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WAM'kki’AT. 


Custom  455 
AMS  5617  Bar 

TEST  DR!m 

TEST  lYEE 
Notched  Tensile 

TEST  oraroinajs 

Crosshead  Speed;  1.27  imVinin  (0.05  iiymin) 
Atmosphere;  Air 

Temperature;  427°C  (800°F) 

Test  Direcrt:ion;  longitudinal 

TEST  RESUITS 

Ultiiiate  Strength;  1777.5  MPa  (257.8  ksi) 


FAL  92558  MAG;  lOX 

FIGURE  3~21;  Test  results  and  fractography  of  Custom  455  427°C  (800°F) 
notched  tensile  test.  Ihe  primary  overstress  area  near  the  center  of  the 
specimen  is  smoother  than  the  room  tenperature  specimen.  Ihe  final 
overstress  area  (siiear  lip)  is  larger  than  that  on  the  room  teanperature. 
specimen  (Figure  3-15) . 


EftM  100227  fortli;  lUUX 


FAM  100233  MAG;  200X 


FIGURE  3-22;  Optical  photomicrograjiis  showing  plastically  deforroed  grains 
in  the  base  of  the  notch  (arrcw,  tc^) .  Ihe  center  of  the  ^xacimen  exhibits 
a  predcjttdnantly  transgranular  fracture  path  (bottcsn) . 

Etchant;  vilella's  Reagent 
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FIGURE  3-23:  Lew  magnification  view  shewing  the  primary  fracture  area  and 
a  clearly  defined  narrow  final  overstress  area  (shear  lip) . 


FI(3JRE  3-24:  Primary  fracture  area  exhibits  both  oocirse  aixi  very  fine 
dimples. 
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FAM  98382  MAG;  lOOOX 

FIGURE  3-25;  Mixture  of  coarse  ard  very  fine  equiaxed  diiiples. 


FAM  98383 


MAG;  3000X 


FIGURE  3-26:  Higher  magnification  photograph  of  the  area  shown  in 
Figure  3-25,  exhibiting  coarse  diitples  with  fine  din^jles  within  them 
(arrow) . 
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EAM  98384  MftG:  6000X 


FIGURE  3-27 :  Very  fine  equiaxed  dinples  within  cx^arser  dinples  (arrow) . 
Ihe  surface  is  relatively  free  of  oxide. 


FAM  98385  MAG;  3000X 


FIGURE  3-28;  Mixture  of  fine  shear  dinples  and  equiaxed  dinples  in  the 
final  overstress  area  (shear  lip) ,  Arrows  indicate  the  directicais  of 
relative  moticai. 
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MMERIM. 


Custcm  455 
MS  5617  Bar 

TOST  DftIA 

TEST  TOTE 
Smooth  HCF 


TEST  OCM)inaJS 


Stress: 


Stress  Ratio: 
ETequency: 
Atmosphere: 
Teitperature: 
Test  Direction: 


827.4  MPa  (120.0  ksi)/-827.4  MF^  (-120.0  ksi) 

896.3  MPa  (130.0  ksi)/-896.3  MPa  (-130.0  ksi) 

965.3  MPa  (140.0  ksi)/965.3  MPa  (-140.0  ksi) 
-1 

1800  cptn 
Air 

Rocsn  Temperature 
longitudinal 


CNF* 

CNF 


TEST  RESUITS 

cycles  to  Fracture:  2.97X10^  (Et'IF),  2.0X10^  (DNF),  3.06X10^ 


*  Did  Not  ETacture 


FAL  93828  MAG:  15X 


FIGURE  3-29:  Test  results  and  fractography  of  Custon  455  rocm  tenperature 
smooth  HCF  test.  Ihe  fatigue  progression  zone  is  approximately 
perpendicular  to  the  stress  axis.  An  arrow  indicates  the  origin  area. 
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EAM  100263  MAG;  50X 


FAM  100262 


MAG:  200X 


FIGURE  3-30:  Optical  photonicrograpi^s  slewing  tlie  final  overstress  area 
(top) .  Grain  defomation  (arrows  A)  and  a  shear  lip  (arrow  B)  are  visible. 
Ihe  fatigue  progression  exhibits  flat  transgranular  fracture  path 
perpendicular  to  the  stress  axis  (bottoa) . 

Etdant;  Vilella's  Reagent 
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i/  'O  R  U 
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FAM  99208 


MAG:  SOX 


FIGURE  3-31;  Overall  photograph  of  the  origin  area  and  fatigue  progression 
area.  Fatigue  features  can  be  seen  radiating  frcin  the  origin. 


0 


99209  MAG:  200X 


FIGURE  3-32:  Higlier  nagnification  view  of  tJie  origin  area.  Ihe  features 
appear  to  be  snteared.  The  localized  origiii  is  alwwn  by  an  eurrcw. 
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FIGURE  3-33;  Hii^  magnification  photografii  of  the  origin  area.  Ihe 
localized  origin  is  smeared,  but  may  be  at  a  subsurface  defect  (arrcw) . 


EAM  99212  MftG:  lOOOX 

FIGURE  3-34;  Fatigue  progression  area  showing  possible  remnant  fatigue 
striations.  Ihese  also  could  be  the  result  of  smear. 
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FAM  99213  3000X 

FIGURE  3-35:  Hitler  magnification  vi^  of  the  area  shown  in  Figure  3-34. 


FAM  99214  ^iAG;  200X 

FIGURE  3-36:  Pinal  overstress  exhibitirvg  fine  feature. 
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EftM  99215  MAG:  lOOOX 

FIGURE  3-37:  Fine  dimpled  overstress  in  the  final  overstress  area. 


FAM  99216  MAG:  3000X 


FIGURE  3-38:  Very  fine  equiaxad  dimpled  overstress  in  the  area  shown  in 
Figure  3-37. 
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MftTERIAL 


CXlstcro  455 
AMS  5617  Bar 


TEST  I3KEA. 

TEST  TYPE 
Srroath  HCF 


TEST  aM)rriaNS 
Stress; 

Stress  Ratio: 
Frequency; 
Atmosphere: 
Tenperature; 
Test  Direction; 


896.3  MPa  (130.0  ksi)/-896.3  MPa  (-130.0  ksi) 
-1 

1800  cpm 
Air 

204  C  (400  F) 

Longitudinal 


TEST  RESULTS 

Cycles  to  Fracture:  181,000 


FIGURE  3-39:  Test  results  and  fractography  of  Custom  455  204°C  (400°F) 
sanooth  HCF  test.  Ihe  fatigue  origin  and  prcpagation  areas  are  shewn  by  an 
arrow,  llie  fatigue  occurred  on  a  plane  perpendicular  to  the  stress  axis. 


FAM  99217  MAG:  SOX 


FIGURE  3-41;  Overall  photograph  of  the  origin  area  and  fatigue  progression 
area.  Fatigue  features  can  be  seen  radiating  fron  the  origin  (arrow) . 


PAM  99218  MAG;  200X 


FIGURE  3-42:  Higher  magnification  photograph  of  the  origin  area,  again 
shewing  features  radiatijng  froa  the  origin  (anxw) . 
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EAM  99219 


MM5:  lOOOX 


FIGURE  3-43:  Hi^  magnification  photograph  of  the  origin  area.  Ihe  local 
origin  is  smeared,  but  may  be  at  a  subsurface  void  (arrow) . 


FIGURE  3-44:  High  magnification  photograph  of  an  area  adjacent  to  the 
origin.  No  fatigue  striations  are  discernible. 


FAM  99221  MAGS  lOOOX 


FIGURE  3-45:  Fatigue  progression  area  with  no  striations  resolvable  at 
this  magnification. 


FAM  99222  MAG:  3000X 


FIGURE  3-46;  Higher  magnification  view  of  the  area  shewn  in  Figure  3-45, 
showing  fatigue  striations,  indicating  propagation  frcaxi  bottcati  to  tqp  of 
the  photograph. 
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EAM  99223  MAG;  200X 


FIGURE  3-47:  Final  overstress  shewing  fine  features  similar  to  the  room 
tertperature  specimen. 


FAM  99224 


MAG:  lOOOX 


FIGURE  3-48:  Fine  dinpled  overstress  in  the  tmal  overstr^s  area. 


139 


FIGURE  3-49;  Very  fine  equiaxed  diitpled  overstress  in  the  area  shown  in 
Figure  3-48. 


Custcm  455 
AMS  5617  Bar 

TEgr  DR33V 

TEST  TYFE 
Smooth  HCF 

TEST  OCMDinCKS 

Stress:  689.5  MPa  (100.0  ]si)/-689.5  MEa  (-100.0  ksi)  ENF* 

758.4  MPa  (110.0  ksi)/-758.4  MBa  (-110.0  ksi)  ENF 

827.4  MPa  (120.0  ksi)/-827.4  MPa  (-120.0  ksi) 
Stress  Ratio:  -1 

Frequency:  1800  cpn 

Atmosphere:  Air 

Temperature:  427°C  (800°F) 

Test  Direction;  Longitudinal 

TEST  RESULTS 

Cycles  to  Fracture:  3.74X10^  (DNF) ,  1.24X10^  (DNF) ,  1.22X10^ 

*  Did  Not  Fracture 


FIGURE  3-50;  Test  results  and  fractography  of  Custom  455  427°C  (800°F) 
smooth  HCF  test.  The  fatigue  origin  and  propagation  areas  are  showi  ty  an 
arrcw.  The  progression  area  appears  shiny. 


FM  100267  MftG:  20X 


FIGURE  3-51:  Optical  piiotcsdcrographs  shwing  an  overall  view  (top)  and  a 
close-up  view  (botton)  of  the  fatigue  progression  area.  Ihe  fatigue 
progression  area  is  flat  (transgranular)  and  occurred  on  a  plane 
perpendicular  to  the  stress  axis  (bracJcet,  tc^) .  Iho  final  overstress  area 
is  rougher  and  deviates  from  the  normal  pleine. 

Etdiant:  Vilella's  Reagent 
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FAM  99273  MftG:  SOX 


FIGURE  3-52;  Overall  photograph  of  the  origin  area  and  fatigue  progression 
area.  Fatigue  features  can  be  seen  radiating  frcra  the  origin  (arrcw) . 


FIGURE  3-53:  Higher  ittagnification  view  of  tlie  diffusa  origin  area,  again 
showing  features  radiating  from  the  origin  (arrow) . 


v^-  /  - 
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FAM  99275  I'iAG:  lOOOX 


FIGURE  3--54:  High  magnificaticffi  photograph  of  an  area  near  tiie  origin.  An 
eirrow  shows  the  direct  icai  of  pr<^)agation.  No  fatigue  stria  tions  are 
discernible. 


FAM  99277  MAG:  lOOOX 


FIGUl®  3-55:  Fatigue  progression  2one  odiibiting  crack-like  striations 
(arrows)  witli  smear  features  perpendiculcir  to  tliew. 
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FM  99278  MAG;  3000X 


FIGURE  3-56:  Higher  magnification  view  of  tlie  area  shown  in  Figure  3-55. 
Fine  remnant  striations  are  visible  between  the  cracks  (arrow) . 


FAM  99279  MAG:  200X 

FIGURE  3-57:  Dinpled  overstress  in  the  final  overstress  area. 


145 


mi  99280 


MAG:  lOOOX 


FIGURE  3-58:  Dimpled  overstress  in  the  final  fracture  area.  The  dimples 
are  coarser  than  on  the  room  tattperature  specimen.  TVro  voids  cure  indicated 
by  arrcws. 


146 


MMy^TAT. 


Custott  455 
AMS  5617  Bar 

TEST  DAm 

TEST  TYPE 
Stress  CJorrosion 


TEST  OONDITK^S 
Stress: 
Environmesnt; 
Teirperature: 
Test  Direction: 


1336.2  MPa  (193.8  ksi) 

3.5%  NaCl  vapor  (simulated  sea  water) 
95°C  (203°F) 

longitudinal  (U-bend  specimen) 


TEST  RESUITS 

Time  to  Fracture:  168  hours 


FAL  94626  HAG:  3X  FAL  94627  MAG:  3X 


FIGURE  3-59:  TVsst  results  and  fractography  of  CXistom  455  stress  corrosion 
test  flat  plate  specimen.  The  fracture  is  shown  frcan  the  tension  (left) 
and  conpressiwi  (right)  sides.  Tiie  tension  side  exliibited  extensive  attack 
and  d^jositicxi  of  corrosion  products.  The  cottpression  side  was  relatively 
free  of  attack. 
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FIGURE  3-60:  Optical  photomicrographs  shewing  the  intergranular  appearance 
of  secondary  cracks.  Hiese  branching  intergranular  cracks  are  caie  of  the 
characteristics  of  stress  corrosion  crackijig.  Often  the  node  cannot  be 
conclusively  determined  by  looki»>g  only  at  the  primry  fracture  surface, 
aixi  a  metallographic  section  similar  to  tlris  can  be  decisive. 

Etchant:  Vilella's  Reagent 
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FIGURE  3-61;  Low  magnification  photograph  of  the  fracture  surface 
eadiibiting  transgranular  cleavage. 


FAM  99699  MAG:  lOOOX 


FIGURE  3-62;  Remnant  featliery  transgranular  cleavage. 
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FM  99700  MAG:  3000X 


FIGURE  3-63;  Hi^er  magnification  photograph  of  the  area  shewn  in  Figure 
3-62. 


FAM  99693  MAG:  200X 


FIGURE  3-64:  Final  overstress  area. 
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EftM  99694  MAG:  lOOOX 

FIGURE  3-65:  Fine  diirpled  overstress  in  the  final  fracture  area. 


FAM  99695  HAG:  3000X 

FIGURE  3-66;  Fine  equiaxed  diiipled  overstress  in  the  final  fracture  area 
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MgCBOAL 


Custcm  455 
AMS  5617  Bar 

TOgp  nA'm 


TEST  lYFE 

I^drogen  Embrittlement 


TEST  CXJNDinONS 
Stress; 


Atmcsphere: 
Tenperature: 
Test  Direction: 
Charging: 


1813.3  MPa  (263  ksi)  CNF* 

2054.6  MPa  (298.0  ksi)  CNF 
2345.2  MPa  (333.0  ksi) 

Air 

Room  Tenperature 
Longitudinal 

Charged  for  12  hours  in  gaseous  H_  at  5000  psi. 
Cathodically  charged  for  2  hours  in  1%  aqueous 
HCl,  15  Vdc,  platinum  anode 


TEST  RESm  JS 


Time  to  Fracture:  273.5  hrs.  (CNF),  99.1  hrs.  (CNF),  Failed  on 

Loading. 

*  Did  Not  Fracture 


ETGURE  3-67;  itest  results  and  fractography  of  CXiston  455  hydrogen 
embrittlement  test. 
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PAM  100299  HAG;  200X 


ncURE  3-68;  Optical  photcinicrogr^jhs  slicwing  transgranular  fracturc  paths 
near  the  edge  of  tlie  speciii>en  (tc^)  and  the  center  of  the  ^>eciiaen 
(bottan) . 

Etchant:  Vilella's  Reagent 
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FAM  99644  MAG:  200X 


FIGURE  3~69:  Lcw  magnification  photograph  of  the  fracture  surface 
ejdiibiting  ductile  overstress  with  patches  of  cleavage. 


FAM  99646  MAG;  lOOOX 


FIGURE  3-70;  Remnant  feathery  transgranular'  cleavage  at  the  surfacse  of  the 
specimen  (arrow) . 
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ERM  99647  MRG:  200X 


FIGURE  3-71:  Fracture  surface  near  the  center  of  the  specimen,  ejdiibiting 
a  nibcture  of  diirpled  overstress  and  patches  of  cleavage. 


FAM  99648  MAG:  lOOOX 


FIGURE  3-72:  Higher  magnification  photograph  of  the  area  shown  in  Figure 
3-71,  eidiihiting  dimpled  overstress  with  patches  of  feathery  cleavage. 
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AISI  347  (Stainless  Steel) 


Material  Descxiptign 

I^pe  347  stainless  steel  is  a  stabilized  austenitic  stainless  steel 
that  can  be  hardened  by  cold  working  but  not  by  heat  treatment. 
Stabilization  is  acoccplished  by  tieing  vp  the  carbon  with  minor  additions 
of  oolurabium  and  tantalum.  Ihese  elements  form  carbides  throo^iout  the 
Bdcrostnicture  viiich  help  prevent  sensitization.  Type  347  is  less 
susceptible  to  general  corrosion  than  Type  321.  The  alloy  is  available  in 
the  form  of  bar,  plate,  sheet,  forgings,  tubing,  wire  and  castings. 

The  material  used  in  this  study  AMS  5646  was  heat  treated  to  AMS 
2759/4  with  a  requl*^  hardness  of  HRB  75-97  (EHN  conversion) .  The  Epical 
room  tenperature  mechanical  prcperties  for  AMS  5646  (bar)  are  as  follows: 


Ultimate  Tensile  Strengtii; 

90  ksi 

0.2%  Yield  Strength: 

35  ksi 

Percent  Elongaticxr: 

50%  min 

Percent  Peduccion  in  Area: 

65%  min 

Reouired 

Measured 

ASTM  Grain  Size: 

- 

11-12 

Measured  Hardness: 

HRB  98-99 

Fcactoaranhy  Overview 

Type  347  stainless  steel  was  tested  in  the  solution  heat  treated 
condition  with  no  prior  cold  work.  This  resulted  in  very  hi^  ductility, 
e^)ecially  in  the  |levated  teiperature  specimens.  Both  the  room 
teitperature  and  1500  F  smooth  tensile  specimens  had  reducticai  in  area  of 
over  65%.  The  rgom  tewiperature  ^lecimen  had  a  very  large  sivear  lip  (0.05 
inch) .  The  1500  F  ^^ecimen  had  no  shear  lip  but  necked  to  a  small  final 
overstress  area  before  fracture.  The  primary  fracture  on  the  room 
temperature  ^)ecimen  showed  ductile  diitpled  overstress  with  some  nucleating 
particles  visible  in  the  bottoms  of  the  dbiples.  The  sheau:  ^ip  had  a 
mixture  of  fine  eguiaxed  and  coarser  shear  diitples.  The  1500  F  specimen 
had  very  deep  conical  dinples  cockered  by  a  light  oxide.  Many  of  the^ 
dinples  had  particles  within  thot).  Both  the  room  temperature  and  1500  F 
notdied  tensile  specimens  exhibited  areas  with  axial  faces  on  the  fracture 
surfaces.  The  room  temperature  ^jecimen  eodubited  a  mixtaire  of  average 
sized  and  very  fine  dimples  that  occurred  in  patches.  The  dimples  were 
deeper  and  coarser  than  those  observed  in  the  anooth  room  teoperataire 
specimen  but  not  the  deep  conical  dimples  exhibited  by  tire  elevated 
taiperature  smooth  specimen.  The  elevated  temperature  notched  specimen  had 
several  vertical  faces  on  the  fracture  that  contained  shear  dimples  and 
umisual  shearing/tearirtg  dimples.  The  eguiaxed  dimples  were  shallower  and 
coarser  than  the  rccm  temperature  specimen. 
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All  three  snooth  HCF  specinens  had  a  similar  macax>scopic  appearance, 
exhibiting  flat  fracture  perpendicular  to  the  stress  axis.  Ihe  fatigue 
(3:ack  propagated  thixiu^  greater  th^  90%  of  the  cross  secrt:iOT  in  each 
casg.  The  rocro  tenperature  and  1500  F  specimens  had  single  origins  but  the 
800  F  ^ecimen  had  two  localized  origin  areas  each  having  a  fatigue  st^. 
The  origin  areas  (stage  I)  on  all  three  specimens  esdiibited  feathery 
cleavage  features.  No  facets  were  observed  in  the  origin  area.  Initial 
propagatic3n  (stage  II)  showed  weT.1  defined  striaticMis  and  crack-like 
striations  on  all  three  ^jecimens  although  the  eogent  of  oj^daticxi 
increased  with  increasing  test  tenperature.  The  800  F  and  1500  F  ^jecimens 
had  a  hi^ier  percentage  of  crack-like  striations  than  were  observed  on  the 
rocm  tenperature  specimen.  As  the  fatigue  creek  grew,  the  striation 
^pearanoe  became  snoother  and  there  were  fewer  crrack-like  striations.  The 
striaticxi  spacing  also  increased  noticeably.  Arrest  marks  vere  visible 
macrosoopicelly  in  the  area  just  before  final  overstress  cxxnrred  on  all 
three  specimens.  Final  overstress  ocxairred  by  dinpled  overstress  with  scrae 
quasi-cleavage  features. 


ICyiEBlAL 


347  Stainless  Steel 

AMS  5646  Bar  (Solution  heat  treated) 

TEST  magi 

TEST  TYPE 
Smooth  Tensile 

TEST  CXMJnTOJS 

Strain  Rate:  0.005  niiVnnV'inin  (0.005  iViiVniin) 

Atmo^jiere:  Air 

Tenperature;  Room  Teitperature 

Test  Directicsi:  Longitudinal 

TEST  RESULTS 

0.2%  Yield  Strength:  615.0  MPa  (89.2  ksi) 
Ultimate  Strength:  744  6  MPa  (108.0  ksi) 

%  Elongaticai:  40.0 

%  Reduction  of  Area:  70.6 


FAL  89835  MAG:  15X 


Figure  4-1:  Test  results  and  fractograpl^y  of  347  SST  room  tat|jerature 
smooth  tensile  test.  The  entire  fracture  surface  is  domii^ated  by  a  large 
final  overstress  area  (shear  lip,  area  1) .  Area  2  is  the  primary  fracture. 


158 


ERM  100474 


HAIa:  ZUUA 


FIGURE  4-2  J  Optical  photomicrograph  of  a  tnetallograjiiic  cross  section 
thrcwgh  the  center  of  the  specimen.  The  fracture  is  transgranular . 

Etchant:  10%  Oxalic  acid  electrolytic 


FAM  97962 


MAG:  SOX 


Figure  4-3:  lew  magnification  view  showing  diitpled  primary  fracture  area 
(area  2,  Figure  4-i)  and  the  large  final  overstress  area  (area  1,  Figure 
4-1) . 


EAH  97966  MAG:  200X 


Figure  4-4;  Primary  fracture  area  exhibiting  dinpled  overstress. 
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FM  97967  MAG;  lOOOX 

Figure  4-5:  Fine  equiaxed  ditrples  in  area  of  prijnary  fracture  sliown  in 
Figure  4-4. 


FAM  97968  MAG:  3000X 


Figure  4-6:  High  magnification  photograpli  of  fine  dhtples  in  the  primary 
fracture  area.  Nucleating  particles  are  visible  at  the  bottans  of  several 
dijDpples  (arrows) . 
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ERM  97963  MRG:  200X 

Figure  4-7 j  Final  overstress  area  (shear  lip). 


F3a<  97964 


HAG:  lOOOX 


Figure  4-8:  Shear  dinples  in  final  overstress  area.  Arrows  indicate  the 
directions  of  relative  motion. 
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FM  97965  MftG:  3000X 


Figure  4-9:  raa^fication  photograph  of  shear  diitples  in  final 

overstress  area.  Equiaxed  dimples  are  mixed  with  the  shear  diitples. 
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FAL  90295 


MAG:  15  X 


Fiqum  4-10:  Test  results  and  fractograjiiy  of  347  SST  816°C  (1500°F) 
snwoth  tensile  test.  Ihe  specimen  has  no  shear  lip  but  experience  a  large 
reduction  of  area  (i'»ecJdng)  before  final  overstress  oocurraci. 
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EftM  97991  IffiG:  SOX 


Figure  4-12:  lew  magnification  view  shewing  diupled  overstress  covering 
the  entire  fractaire  surface. 


FAM  97992  HAG:  200X 


Figure  4-13:  Higher  magiiification  photograph  of  diirpled  overstress  shown 
in  Figure  4-12. 
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MATFRTAL, 


347  Stainless  Steel 

AMS  5646  Bar  (Soluticai  heat  treated) 

lEST  msk 

TEST  TYFE 
Notched  Tensile 

TEST  OONDinONS 

Crosshead  Speed:  1.27  inn/min  (0.05  iiVinin) 
Atmo^iiere:  Air 

Terrperature:  Roan  Tenperature 

Test  Direction:  longitudinal 

TEST  RESUITS 

Ultimate  Strength:  1078.3  Mja  (156.4  ksi) 


PAL  90293  HAG:  lOX 


Figure  4-16:  Test  results  and  fractography  of  347  SST  roan  tenperature 
notched  tensile  test.  Ihree  l€irge  secoiid^  cracks  radiate  froa  the  center 
of  the  specinen  fracture  surface. 
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FAH  100276  MAG:  200X 

FIGURE  4”17:  Optical  photondcrographs  of  tlia  oeu^ter  (top)  euid  edge 
(bottom)  of  tl^  fracture. 


Etchant:  Unetched 


Figure  4-18:  low  inagnificaticai  ptotograph  shewing  primary  dimpled 
overstress  area  aM  a  narrau  shear  lin  alona  the  surface  of  the  soeedmen. 


FAM  97990  HAG:  200X 


Figure  4-19:  Close-up  view  of  axial  secondary  crack  in  the  primary  dimpled 
overstress  area. 
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raw  97988  MAG:  lOOOX 

Figure  4-20;  Equiaxed  diirpled  overstress  in  the  primary  fracture  area. 


Figure  4-21:  Hic^  ^magnification  view  of  equiaxed  dinplod  overstre^ 
shewing  particles  in  the  centers  of  the  dinples  (arrow  A) .  Fine  diroples 
are  visible  in  patches  (arrow  B) . 
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Ym  97985 


HAG:  2Q0X 


Figure  4-22:  Close-15)  view  showing  the  shear  lip  (arrow) . 


FAH  97986  MAG:1000X 

Figure  4-23:  Stseared  shear  diioples  in  the  final  cverstress  area. 
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MMERIMi 


347  Stainless  Steel 

AMS  5646  Bar  (Solxition  heat  treated) 

TRgr  mm 

TEST  TYPE 
Notched  Tensile 

TEST  OMDrncajs 

Crosshead  Speed:  1.27  (0.05  iiymin) 

Atmo^iiere:  Air 

Iteitperature :  816°C  ( 1500°F) 

Test  Direction:  longitudinal 

TEST  RESUIIES 

Ultimate  Strength:  374.4  MPa  (54.3  ksi) 


FAL  90294  MAG:  lOX 


Figure  4-25:  Test  results  and  fractography  of  347  SST  816°C  (1500°F) 
notciied  tensile  test.  Ihis  specimen  fracture  esdiibits  more  d^jth  in  the 
features  than  the  room  taiperature  specimen  (Figure  4-16) . 
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EAM  100273 


M7U3:  200X 


FAM  100274  MAG;  200X 


FIGURE  4-26:  Optical  photondcrographs  of  the  center  (top)  and  edge 
(bottom)  of  the  fracture.  Hiis  ^jecimen  exhibits  more  elongation  and 
denser  voids  at  the  fracture  than  the  room  tenperture  specimen.  See  Figure 
4-17. 


Etchant:  Unetched 
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FM  97995 


MftG:  15X 


Figure  4-27 :  Lcm  magnification  view  shewing  diitpled  overstress  (A) ,  shear 
(B)  and  axial  shear  (C) . 


EftM  97996  MAG;  50X 

Figure  4-28;  View  of  area  A  showing  fine  dimpled  overstress. 


176 


EAM  97997 


MAG:  20UX 


Figure  4-29:  Higl'ier  nagnification  j^otograph  of  area  A,  shcfwing  fine 
equiaxed  diitples. 


FAM  97998 


MAG:  lOOOX 


Figure  4-30:  High  jragnification  view  of  area  A  showing  equiaxed  dimples 
and  associated  particles  (arrows) .  The  fracture  surface  is  ciiarging, 
indicating  that  it  is  lightly  oxidized. 
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EftM  97999  MftG:  50X 


Figure  4-31;  Higher  magnification  photcgrapt'i  of  ^ear  areas  B  and  C. 


FftM  98000  MAG:  200X 


Figure  4-32:  Higher  magnification  piiotograph  of  area  shown  in  Figure  4-31. 
Shear  areas  B  and  C  are  visible. 
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FAM  98001 


MAG:  lOOOX 


Figure  4-33;  High  magnification  view  of  area  B  shewing  lic^tly  oxidized 
shear  diamles.  Arrows  shew  the  directions  of  relative  motion. 
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Figure  4-34:  High  magnification  view  of  area  C,  shewing  axial  shear  face. 
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MaMRIMi 


347  Stainless  Steel 

AMS  5646  Bar  (Solution  heat  treated) 

TEST  TYPE 
Smooth  HCP 

TEST  CXM)inC»JS 
Stress: 


Stress  Eatio: 

Frequency: 

Atmosphere: 

Teirperature: 

Test  Direction: 

TEST  RESUITS 

cycles  to  Fracture:  1.08X10  (DNF),  3.55X10^  (CNF),  3.2X10^ 


275.8  MPa  (40.0  ksi)/-275.8  MPa  (-40.0  ksi)  CNF 

344.7  MPa  (50.0  ksi)/-344.7  MPa  (-50.0  ksi)  CNF 

413.7  J^Pa  (60.0  ]si)/-413,7  MPa  (-60.0  ksi) 

-1 

1800  cpm 
Air 

Poem  Tertperature 
longitudinal 


FAL  93952  MAG:  15X 


Figure  4-35:  Test  results  and  fractograptiy  of  347  SST  room  tenperatuie 
smootli  HCF  test.  The  origin  area  is  shown  by  an  arrow. 
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FIGURE  4-36;  (^ical  photouicrxjgraph  of  a  itetallographic  cross  sectioti  near 
the  fracture  surface.  No  grain  elongation  or  strain  lines  aro  visible 
indicating  low  stress. 


Etchant;  10%  Oofialic  acid  electrolytic 
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FIGURE  4-37;  lew  magnification  photograph  shewing  features  radiating  fran 
the  origin  area  (bracket) . 


FAM  99246  MAG;  200X 


FIGURE  4-38;  Fatigue  features  radiating  from  tlie  origin  (arrow) .  Ihe  dark 
patdi  at  the  surface  (bracket)  is  a  smear  that  occurred  after  the  fracture. 
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FAM  99247  MAG:  lOOOX 


FIGURE  4-39:  Post-fracture  smear  at  the  fatigue  origin.  The  features  on 
the  fracture  were  distorted  \dien  the  smear  occurred,  MadvLning  lines  are 
visible  cn  the  surface  adjacent  to  the  fracture.  The  localized  origin  is 
indicated  by  an  arrcw. 


FAM  99248  KAG:  lOOOX 


FIQJRE  4-40:  Fatigue  features  near  the  origin  area.  Individual  striations 
are  larely  resolvable  (arrows) . 
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FM  99250  MAG:  3000X 


FIGURE  4-41;  Fine  fatigue  striations  and  crack-like  striations  near  the 
origin  area.  Ihe  fracture  prqiagatedi  frcm  bottcan  to  tc^  of  the  photograph. 


PAM  99251  HAG:  200X 


FIGURE  4-42:  Flat  fatigue  progression  area  near  the  center  of  the 
specinien.  Secondary  cracking  parallel  to  tlxe  propagation  direction  is 
also  present. 
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FAM  99252 

MAG;  lOOOX 

FIGUKE  4-43;  Coarser  fatigue  striations  in  the  fatigue  progression  area 
(Figure  4-42) .  Small  voids  (arrows)  (probably  void  cxsalescenoa)  are 
interspersed  in  the  fracture  surface. 


FIGURE  4-44;  magnificatioii  photograph  of  striations  in  the  fatigue 

progression  zone.  See  Figure  4-43. 
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ERM  99254  MSG;  200X 


FIGURE  4-45:  Final  cwerstress  area  exhibiting  a  mixture  of  equiaxed 
displeSf  shear  dinples  and  cleava^. 


FIGUI^E  4-46;  Dhiplod  overstress  and  tearing  cleavage  features  (top  of 
pi>otograpii)  in  tlie  final  overstress  area. 
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MaTERIM:i 


347  Stainless  Steel 

5646  Bar  (Solution  heat  tiieated) 

TEST  DR!m 


TEST  TYPE 
Smooth  HCF 


TEST  OONDmaJS 
Stress: 

Stress  Ratio: 

I  Frequency: 
Atmosphere: 
Tertperature: 
Test  Direction: 


344.7  MPa  (50.0  ksi)/-344.7  MPa  (-50.0  ksi) 
-1 

1800  cpn 
Air 

427  C  (800  F) 
longitudinal 


TEST  RESULTS 

cycles  to  Fracture:  20,500 


FAL  93951  HAG:  15X 


Figure  4-47:  Test  results  and  fractography  of  347  SST  427°c  (800°F)  snooth 
HCF  test.  The  fracture  prc^gated  from  two  origin  areas  (arrows  A) . 
Arrest  marks  are  visible  near  tlie  end  of  the  fatigue  tliurabnail  (arrows  B) . 
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FAM  100272  MAG:  200X 


FIGURE  4-48:  Optical  photomicixjgraph  slicwing  the  fatigue  prcgressiai 
portion  of  the  fracture  on  a  plane  perpendicular  to  the  stress  axis.  Ihe 
fracture  path  is  predcBiii^tly  transgratiular. 

Etchant:  Unetched 
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FAM  99256 


MAG:  SOX 


FIGURE  4-49:  li^w  magnification  photograph  shewing  features  radiating  fran 
a  diffuse  origin  area  (bractet) . 


FAM  99257  HAG:  200X 

FIGUiys  4-50:  Fatigue  featu'ris  radiating  fi,-om  the  origin.  A  small  fatigue 
step,  tear  ricJge  (arrav)  separates  two  localized  origins  that  are  close 
together  on  the  surface  of  the  speciiaan. 
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FAM  99258  MAG:  lOOOX 


FIGURE  4-51:  Striations  aivi  crack  like  striations  near  the  origin  area. 
Arrow  perpendicular  to  the  striations  points  back  towards  the  origin. 


FAM  99259  MAG:  3000X 


FIGURE  4-52:  Fine  fatigue  striations  ai>d  crack  like  striatiojis  (arrow) 
near  the  origin.  Bracket  contains  five  striatiojis. 
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I  - ■  >  Vi-v 


FftM  99260  MftG:  lOOOX 


FIGURE  53:  Relatively  snvooth  fatigue  striaticjns  in  the  fatigue  progressicai 
zone  near  the  center  of  the  specimen.  Small  voids  are  visible  (ancws) , 


FIGURE  4-54:  HigJier  magnification  view  of  tlie  flat  fatigue  progretssion 
area  i>ear  tlie  center  of  the  specurven.  Ihe  disoontiimity  in  the  striations 
(arrcw)  was  probably  caused  by  a  caxiaide. 
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FAM  99262 

FIGURE  4-55;  Final  overstress  area. 


MAG:  200X 


F1C3JRE  4-56:  Dinploti  overstress  in  the  final  overstress  area. 
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Ma!raRIAL 

347  Stainless  Steel 

AMS  5646  Bar  (Solution  heat  treated) 

DATA 

TEST  TYPE 
Snooth  HCF 

TEST  oorornc^fs 

Stress: 


Stress  Ratio: 

Frequency: 

Atmo^}here: 

Tenperature: 

Test  Direction: 

TEST  RESUUTS  , 

cycles  to  Fracture:  1.09X10^  (CNF),  1.0X10^  (DNE’)#  1.07X10' 

*  Did  Not  Fracture 


137.9  MPa  (20.0  ksi)/-137.9  MPa  (-20.0  ksi)  ENF* 
172.4  MPa  (25.0  ksi)/-172.4  MPa  (-25.0  ksi)  ENF 
206.8  MPa  (30.0  ksi)/-206.8  MPa  (-30.0  ksi) 

-1 

1800  cpm 
Air 

816°C  (1500°F) 
longitudinal 


FAL  93953  MAC;  15X 

Figure  4-57:  Test  results  and  fractography  of  347  SST  816°c  (ISOo'^F) 
smooth  HCF  test.  Features  can  be  seen  radiating  from  tire  origin  area 
(arrow) .  Arrest  iinarks  are  visible  near  the  end  of  the  fatigue  thuntmail 
(bracket) .  Ihe  fatigue  extends  over  30%  of  the  fracture  surface. 
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FAM  99264  NAGJ  50X 


FIGURE  4-59;  low  magnification  photograph  sliowing  features  radiating  fran 
a  localized  origin  area  (arrcw,  bottcsn  center) . 


FAM  99265  MRG:  200X 


FIGURE  4-60;  l^atigue  features  radiating  from  the  origin  (arrow) . 
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FIGURE  4-61:  Higher  nagnification  photograph  of  the  localized  origin, 
Figure  4--60,  showing  inoderate  oxidation  and  progressicai  from  a  possible 
subsurface  aaxawaly  (arrow) . 


FAM  99267  MAG;  lOOOX 


flGURE  4-62:  Flat  oxidized  features  adjacei^t  to  tlie  localized  origin. 


I 


MAC;  3000X 


FlGl^  4-63:  Heavily  oxidized  features  iiear  the  origin  area.  Individual 
fatigue  striations  are  not  resolvable. 


FIGURE  4-64;  relatively  coarse  striaticais  and  crack-like  striatio*©  in  tire 
fatigue  progressioji  zona  near  tive  center  of  tTie  specinien. 
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FAM  99271  tmC;  200X 

HGOSE  4-65:  Dimpled  werstress  and  void  oeslescei'Kje  in  the  final 
cwerstress  area. 


FAH  99272  MAG;  lOOOX 


FIGURli:  4-66:  Ox3,di20d,  sreoai'od  and  diRpled  overstrass  in  tivi  fififii 
overstress  area. 
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SERVICE  R^HDRE 


ERACTORE  Ma}E  Hicgi  Cycle  Fatiauti  freverse-bendim) 
PART  NAME _ Fuel  Manifold  Bradcet _ _ _ 


OEERATION  DAI!A_Bracket  operated  in  accelerated  mission  test  fAMT) .  It 
was  subjected  to  lew  noninal  stress  with  high  vibratory 
stress. _ 


PART  TIME _ 282.4  hcxirs  (231  operation  cycles’) 


BASE 

REXXJIRED 

AISI  347  Stainless  Steel  — 

ACTUAL 

—  confirmed 

MAT'L 

OTHER 

HARDNESS 

No  Reouireraent  — 

—  HRB  89-92* 

GRAIN  SIZE 

No  Reouirement  — 

~  — 

DIMENSIONAL 

Thickness:  0.071-0.085  inch  — 

—  0.077-0.078  inch 

*  Diamond  pyramid  hardness  (DFH)  conversions. 


The  bracket  fractured  by  hi<^  cycle  fatigue  (HCF)  propagating  fran 
mltiple  origins  on  both  the  inboard  and  outboard  surfaces  adjacent  to  an 
attachment  bolt  hole.  The  fracture  surface  exhibited  a  clearly  defined 
shear  lip  near  the  center  o'  the  saitple.  This  is  indicative  of 
^erseHaending  loading.  The  lack  of  a  large  final  cn/erstress  area 
indica^  the  nominal  stress  was  lew.  The  location  of  the  origins  was 
determined  by  the  bolt  head  contact  circle.  No  material  or  micaxstructural 
anomalies  were  found. 


EAL  91683  MAG:  2X  FKL  91684  MAG:  3X 

FIGURE  4-67;  Overall  photograph  of  the  FIGURE  4-68;  Overall  photogr^ii 
frac±ured  bracket  fron  the  outboard  side,  of  the  fracture  surface  showiijg  a 
The  primary  origins  were  located  well  defined  shear  lip  near  the 


adjacent  to  one  of  the  attachment  bolt 
holes  (arrow) .  _ 


FAL  93320  lOX 

FIGURE  4-69;  low  mgnification  SEM 
photograph  of  the  primary  origin  area. 
Ihe  shear  lip  is  shown  by  arrows. 


center  (arrows). 
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FAL  93319  MAG:  300X 

FIGURE  4-70:  Close^  SBM 
pliotograpli  of  origin  area  on  the 
inboard  side  of  the  bracket. 

Small  st^  iiidicate  origin 
locations. 
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A-286  (High  Ni  Stainless  Steel) 


Material  Description 

A-286  is  an  precipitation  hardened  i^x3n-base  alley  with  hi^  tgui^iness 
and  good  oxidation  resistance  to  1500  F  (continuous)  and  1800  T 
(inberroittent) .  Primary  applications  in  the  aero^oe  industry  include 
turbine  disks,  vanes,  blades,  shafts,  cas^  and  ocebustor  parts.  Ihe  cdloy 
is  strengthened  by  heat  treating  at  1325  F  for  16  hours  precipitating  Ni^ 
(Al,  Ti) ,  ganina  prime.  The  strength  of  the  material  can  be  further 
increased  by  cold  working  between  the  solution  anneal  and  precipitaticxi 
heat  treatment. 

The  material  used  in  this  sttdy  was  AMS  5525  heat  treated  to  AMS 
2759/3  with  a  required  hardness  of  HRC  24-35.  The  typiced  roan  tenperature 
meohanical  properties  for  AMS  5525  are  as  follows.  The  strength  increases 
with  increasing  sheet  thickness  and  is  gexverally  higher  for  bar  stock  than 
sheet. 


Ultimate  Tensile  Strength: 
0.2%  Yield  Strength; 
Percent  Eloigation: 
Percent  Reduction  in  Area; 

ASTM  Grain  Size: 

Measured  Hardness: 


105-140  ksi 
85-95  ksi 
4-15%  min 
15-20%  min  (bars) 

Required _ Measured 

11-12 

HRC  31-33 


All  four  A-286  tensile  ^)ecimens  and  the  stress  mpture  specimen  had 
at  least  a  partially  intergrs^ar  fracture  path.  The  room  tatperature 
smooth  tensile  and  stress  rupture  ^jecimens  were  almost  exclusively 
intergranular  in  the  primary  fracture  areas.  The  stress  rupture  ^eciaen 
ejdribited  very  little  evidence  of  ductility  on  the  grain  faces.  The 
tensile  specimens  had  dinples  and  ridges  on  the  grain  faces  and  patches  of 
fine  dinples  at  the  boundaries  between  the  <^ins.  These  features 
indicated  ductility  in  the  fracture.  The  1300  F  smooth  tensile  specimen 
had  a  large  area  of  shear  dimpled  ctverstress  near  the  surface.  Both 
notched  specimens  and  the  elevated  temperature  smooth  specimen  exhibited 
varying  degrees  of  intergranulexr  and  transgranular  fracture.  No  clear 
conclusion  be  made  relating  testperature  to  the  fracdaire  path  based  on 
these  three  ^)6cimens. 

The  three  HCF  specimens  exhibited  significant  variation  in  macroscopic 
appearance  with  increasing  tenperature.  The  roan  tenperature  and  400  F 
specimens  shewed  no  obvious  fatigue  progression  when  viewed 
macrosoc^ically.  Both  specimens  had  somewhat  of  a  granular  appearance. 
The  1300  F  specimen  exhibited  a  clear  origin  and  fatigue  progression  area 
extending  thrxxigh  greater  than  50%  of  tl:e  cross  section.  The  micrcsccpic 
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s^jpearanoe  was  also  different  for  the  1300  F  ^jecimen.  Both  Icwer 
tenperaturs  ^seciinens  had  faceted  Stage  I  fatigue  origins  and  coarser  well 
developed  striations.  Ihe  1300  F  ^jecimen  exhibited  feathery  cleavage  and 
cleavage  at  the  origin  and  a  mixture  of  feathery  cleavage  and  patches  of 
fine  shallower  striations  in  the  stage  II  progression  area.  Ihe  final 
overstress  areas  on  all  three  specim^is  had  patches  of  dlrpled  overstress 
and  quasi-cleavage  with  sane  intergranular  character  developing  in  the  two 
hitler  tenperature  specimens. 

Ihe  I£F  ^jecimen  appearance  differed  considerably  from  the  HCF 
^jecimens.  Both  KF  specimens  propagated  from  multiple  fatigue  origins  and 
had  small  isolated  fatigue  prxagression  eireas.  Ihe  400  F  qjecimen  had 
faceted  Stage  I  fatigue  at  the  origin  and  cleavage  with  cleavage  sb^^in 
the  stage  II  fatigue  zone.  No  clear  striations  were  found.  Ihe  1300  F 
^jeclmen  had  small  fatigue  initiatiojyprcpagation  zones  along  the  surface. 
Ihese  areas  had  a  faceted  intergranular  appearance  with  cleavage  st^  and 
remnant  striaticxis  on  some  of  the  faisets.  Secondary  cracks  were  observed 
along  the  ^jecimen  surface  in  the  gage  area.  Ihe  final  overstress  areas  on 
both  ^jecimens  occurred  at  an  angle  to  the  stress  axis,  exhibiting 
mixture  of  cleavage,  quasi-cleavage  and  dinpled  overstress^  on  the  400  F 
^jecimen  and  primarily  shear  dimpled  overstress  on  the  1300  F  specimen. 

Ihe  stress  corrosion  cracking  specimen  eadiibited  feathery  features  and 
bratKhing  seocaidary  cracks.  Macroscxpically,  the  appearance  was  darker;  due 
to  oxidation. 

Ihe  hydrogen  embrittlement  specin»en  was  relatively  flat  except  for  a 
band  approximately  0.03  inch  thick  at  the  surface  that  exhibited  jagged 
stqDs  containing  dimples  and  patches  of  cleavage.  Ihe  center  of  the 
specimen  eudiibited  a  nuxture  of  dinpled  rupture  with  quasi-cleavage. 
Cracked  carbides  were  visible  througliout  the  center  of  the  ^jecimen.  No 
carbides,  cracked  or  uncracked,  were  found  on  the  other  specimens,  lius 
may  indicate  an  interaction  between  the  carbides  and  the  hydrogen  in  the 
latticae. 
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MACTRTAL 


A-286 

AMS  5525  Plate 

TEST  DMA 

TEST  TYPE 
Smooth  Tensile 

TEST  OCMPnTCTJS 

Strain  Rate;  0.005  iraiv'iiiiVroin  (0.005  iiViiVinin) 

Atmosphere;  Air 

Tenperature;  Roan  Teirperature 

Test  Direction;  Longitudinal 

TEST  RESUUrS 
0.2%  Yield  Strength:  ‘ 

Ultimate  Strength; 

Percent  Elongation: 

Percent  Reduction  of  Area: 


704.6  MPa  (102.2  Isi) 
1063.3  MPa  (154.8  ksi) 
20.0 
26.0 


FIGQ^  5-1;  Test  results  and  fractography  of  A-286  rocm  tenperature  smooth 
tensile  test.  Iha  fracture  appears  granular  with  no  shear  lip  visible. 
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rm  99886 


MAG:  200X 


FAM  99885  MAG:  200X 


fIGURE  5-2:  epical  photoraicrtjgraphs  of  tlie  center  (top)  and  edge  (bottcin) 
of  the  fracture.  Grain  elongation  in  the  stress  direction  and  secondary 
grain  boundary  separation  (arrows)  are  visible.  Ihe  fracture  is 
predcminantly  intergranular. 

Etchant:  15ml  HCl,  lOml  HNO^,  10ml  acetic  acid 
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FM  98327  MAG;  50X 


FIGURE  5-3:  Lew  magnification  photograph  diewing  primarily  intergranular 
overstress. 


FIGURE  5-4;  Intergranular  overstress  with  saine  diirples  at  the  grain 
boundaries  (intergranular  decohesion)  (arrow) . 
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FIGURE  5-6:  Isolated  fin^  dimpled  overstress  at  the  grain  boundaries 


MA'n<j<TAL 


A-286 

AMS  5525  Plate 


1E3T  DMA 


TEST  TyrE 
Smooth  Tensile 


TEST  aMjnrqjs 
strain  Rate: 
Atmosphere: 
Tearperature: 
Test  Direction: 


0.005  miVinnv'niin 
Air 

704  C  (1300  F) 
longitudinal  - 


(0.005  iryiiVmin) 


TEST  RESUUS 
0.2%  Yield  strength: 
Ultimate  Strength: 

Percent  Elongation: 

Percent  Reductican  of  Area: 


623.3  MPa  (90.4  ksi) 

794.3  MPa  (115.2  ksi) 

25.3 
42.0 


FAL  92497  MAG:  15X 


FIGURE  5-7:  Test  results  and  fractography  of  A-286  704°C  (1300°F)  smooth 
tensile  test.  Ihe  fracture  appears  taddized  even  at  low  magnification. 


FAM  99146  MAG:  200X 


FIGURE  5-8:  Pair  of  increasing  magnification  qjtical  photomicrographs  of 
the  center  of  the  fracture.  Extensive  grain  elongation  in  the  stress 
direction  and  secondary  grain  boundary  separation  (arrows)  are  visible. 
Ctoitpare  witli  the  room  temperature  specimen,  Figure  5-2. 

Etchant:  15ml  HCl,  10ml  UNO^,  10ml  acetic  acid 
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FIGURE  5-10:  Mixture  of  fine  and  ooarse  dimpled  overstress  in  the  prinary 
fracture  area. 
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EAM  98333  MAG:  lOOOX 


FIGURE  S-ll:  Mixture  of  coarse  and  fine  shallow  diirples  in  the  primary 
fracture  area.  A  light  oxide  covers  the  fracture  surface. 


FIGURE  5-12:  Patches  of  fine  equiaxed  diinples  in  the  area  shewn  in  Figure 
5-11. 
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FM  98336 


MAG:  lOOOX 


FIGURE  5-13:  Oxidized  shear  dimples  in  the  final  overstress  area, 
slia;  the  directions  of  relative  motion. 


FAM  98337  HAG:  3000X 


Arrows 


FIGURE  5-14;  Oxidized  sliallow  shear  dimples  in  the  final  overstress  area. 


MMEKEAL 

A-286 

AMS  5525  Plate 


TEST  TYIE 
Notched  Tensile 


TEST  CXM)mC»IS 


Crosshead  Speed:1.27  innymn  (0.05  iiymin) 
Atitosphere:  Air 

Ten^erature:  Poora  Tenperature 

Test  Diiecticxi:  Xxaigitudinal 

TEST  RESUIilS 

Ultimate  SUength;  1347.9  MPa  (195,5  ksi) 


FAL  92498  mUt  lOX 


FIGUI^  5-15;  Test  results  and  fractography  of  A-2S5  ream  taEporature 
notdied  tensile  test.  No  sliear  lip  is  visible. 
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FIGURE  5-16:  Optical  photomicrographs  of  the  center  of  the  fracture.  Very 
little  grain  deformation  is  visible  and  only  one  area  ekhibits  secondary 
grain  boundary  separation.  Cowpare  with  the  smooth  tensile  ^jecimens, 
Figures  5-2  and  5-8. 

Etchant;  ISral  HCl,  10ml  HNO^,  10ml  acetic  acid 


213 


EAM  98316  MRG:  BOX 


FIGURE  5-17:  No  shear  lip  is  present  in  this  lew  magnificaticai  photograph. 


FM  98318  MRG:  lOOOX 


FIGURE  5-19;  Mixture  of  diotpled  overstress  and  quasi-cleavage  (mixed  node 
overstress) .  Fine  slip  lines  are  visible  on  the  cleavage  planes 
(brackets) .  These  should  not  be  ocaifused  with  fatigue  striations. 


FAM  93319  MAG:  3000X 


FIGURE  5-20:  Boundary  between  dinpled  overstress  and  a  cleavage  plane. 
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MftCTKEMi 


A-286 

AMS  5525  Plate 

TEST  DKEA 

TEST  TYPE 
Notched  Tensile 

TEST  OCNDITICT^S 

Crosshead  Speed:1.27  miVmin  (0.05  in/inin) 
Atmo^iiere;  Air 

Tenperature:  704°C  (1300°F) 

Test  Direction:  longitudinal 

TEST  RESULTS 

Ultimate  Strength:  1130.0  MPa  (163.9  ksi) 


FAL  92499  MAG:  lOX 


FIGURE  5-21:  Test  re^ts  ancJ  fractograpliy  of  A-286  704°C  (1300  F) 
notched  tensile  test.  Ohe  fracture  appears  oxidized  even  at  lew 
magnification. 
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ERM  99156  MRG:  lOOX 


FIGURE  5-22:  Pair  of  increasing  magnification  optical  photcsnicrographs  of 
the  center  of  the  fracture.  More  grain  deformation  is  visible  than  in  the 
rocm  tenperature  notdied  tensile  specnnen.  Ihere  is  still  very  little 
secondary  grain  boundary  separation.  Oonpare  with  the  smooth  tensile 
specimens,  Figures  5-2  and  5-8. 

Etdiant:  15ml  HCl,  IQtnl  HNO  ,  lOral  acetic  acid 
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EAM  98324 


MAG:  200X 


FIGURE  5-24:  Mixture  of  transgranular  and  intergranular  features. 
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EAM  98326 


MRG;  lOOOX 


FIGURE  5-25:  Mixture  of  cleavage  and  intergranular  overstress  with  sane 
grain  boundary  separation.  Fine,  shallow  dinples  are  visible  on  sane  of 
the  grain  faces  (arrow) . 


FAM  98325  MAG:  lOOOX 


FIGURE  5-26;  Higher  inagnification  photo  showing  area  of  probable 
quasi-cleavage . 
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MATKRTAT. 


A-286 

AMS  5525  Plate 

TEST  DATA 

TEST  TYPE 
Stress  Ei^xture 

TEST  aaroincajs 

Stress:  586.1  MPa  (85.0  ksi) 

Atmo^iiere;  Air 

leitiperature:  649°c  (1200°F) 

Test  Direction:  longitudinal 

TEST  RESUITS 

Time  to  Fracture:  6.2  hours 

Percent  Elongation:  2.5 

Percent  Reduction  of  Area:  2.9 


FAL  94374  MAG;  15X 


FIGUI^  5-27;  Test  results  and  fractography  of  A-286  649°C  (1200°F) 
stress  rupture  test.  Ihe  fracture  has  a  shiny  intergranular  aj^jearanoe. 
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ERM  100294 


MRG:  lOOX 


FIGURE  5-28:  Optical  photomicrographs  of  the  center  of  the  fracture  (top) 
and  the  gage  secticw  (bottom) .  Both  the  primary  fracture  {»th  and 
secondary  cracks  along  the  gaga  sectiai  (arrow,  bottom)  are  intergranular. 


Etchant;  15ral  HCl,  10ml  HNO,,  lOml  acetic  acid 


EAM  99535  MAG;  20X 


FIGURE  5-29:  Ix3w  magnificaticai  photograph  exhibits  intergranular 
af^searanoe. 


FAM  99536  MAG:  SOX 

FIGURE  5-30;  Intergranular  fracture  surface  with  scnve  intergranular 
secxMTdary  cracking  (arrcws) . 
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EAM  99540  MAG:  200X 


FIGURE  5-33:  Mixture  of  transgranular  overstress  dinples  and  intergranular 
n^jture  in  final  overstress  area. 


FAM  99541  MAG:  lOOOX 


FIGURE  5-34;  Higher  magrufication  photograph  of  the  area  shown  in  Figure 
5-33, 
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WRTORTAT. 


A-286 

AMS  5525  Plate 

TOST  miA 

TEST  TyPE 
Sncoth  HCF 

TEST  craroma^s 

Stress: 

Stress  Ratio: 

Frequency: 

Atmosphere: 

Teirperature: 

Test  Directicffi: 

TEST  RESUmS 
cycles  to  Fracture:  10,500 


482.6  MPa  (70.0  ksi)/-482.6  MPa  (-70.0  ]csi) 
-1 

1800  cpn 
Air 

Rocm  Teitperature 
Longitudinal 


FAL  93825  MAG:  15X 


FIGURE  5-35:  Test  results  cuid  fractography  of  A-286  rocm  tajperataaie 
smooth  HCF  test. 
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FAH  100300  HAG:  200X 


FIOJRE  5-36;  epical  jiiatxinicaEX)gra{3h  showing  a  transgrarailar  secondary 
crack  along  the  gage  section.  Ihe  fatigue  progression  is  transgranular. 

Etdiant:  15na  HCl^  10ml  HNO^,  lOral  acetic  acid 
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WA  99182  MAG:  SOX 

FIGURE  5-37:  IxJW  magnification  iSiotograph  shewing  a  stage  I  fatigue  facet 
(arrou)  at  one  of  several  origins. 


FAM  99183  MAG:  200X 

FIGURE  5-38:  Higher  mgnification  photograph  of  the  stage  I  fatigi®  facet 
(arrow)  shown  in  Figure  5-37. 
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Tm  99184  Mac:  lOOOX 


FIGURE  5-39;  Fatigue  striaticais  near  the  origin  shown  in  Figure  5-3S* 
direction  of  prc^>agation  is  sliown  by  an  arrow. 


FAM  99185  HAG:  3000iK 

FICJURE  5-40;  Higher  magnification  photograph  of  the  fatigue  striaticrjs 
shewn  in  Figure  5-39.  Ihe  fatigue  prqpagated  only  a  sliort  distarh^  into 
tlie  ^jecimen  from  ea<ii  origin  before  overstress  otxajrred. 
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FIGURE  5-41:  Mixtvire  ot'  cleavage  type  features  and  diitpled  overstress  in 
the  final  overstress  area  (quasi-cleavage). 
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FAH  99188  MftG:  lOOOX 


FIOJRE  5-42:  Higiiet*  wa^ificatiai  ^trotograph  showii^  mixture  of  cleavage 
and  dimpled  overstress  in  the  final  ovorstr:^  area. 
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MAilERiaL 


A-286 

AMS  5525  Plate 

TRTT  rgym 

TEST  TyPE 
Smooth  HCF 


TEST  OCMDinaJS 
Stress: 

Stress  Ratio: 
Frequency: 
Atmo^here: 
Teitperature: 
Test  Direction: 


448.2  MPa  (65.0  ksi)/-448.2  MPa  (-65.0  ksi) 
-1 

1800  cpn 
Air 

204°C  (400°F) 

Longitudinal 


TEST  RESULES 

cycles  to  Fracture:  11,400 


FAL  93824  MAG:  15X 


FIGURE  5-43:  Test  results  and  fractography  of  A-286  204°C  (400*^)  smooth 
HCF  test.  No  obvious  fatigue  progression  is  discemible. 


FIGURE  5-44;  C^ptical  photcndcrograph  of  a  inetallographic  cross  secticn 
through  the  origin  area  and  initial  fatigue  progression. 

Etchant;  10%  Oocalic  acid  electrolytic 
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FIGURE  5-45;  Overall  photograph  shewing  no  obvious  fatigue  progressicai. 
Secondary  cracGcing  (arrew)  is  visible  adjacent  to  the  primary  fracture 
(arrew) . 


FAM  99191  MAG;  SOX 


FIGURE  5-46;  Kiotograph  showing  a  localized  origin  (stage  I  fatigue  facet, 
arrow) . 
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EAM  99192  MAG:  200X 

FIGURE  5-47:  Stage  I  fatigue  facet  (arrow)  in  the  origin  area. 


MVM  99193  MAG:  lOOOX 


FiraJRE  5-48:  Ramant  fatigue  striations  indicative  of  fatigue.  An  arrow 
indicates  the  direction  of  propagation. 
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Fm  99195  MAG;  lOOOX 

FIGURE  5-49:  Fatigue  striations  in  the  fatigue  progression  zone. 
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FAM  99196 


MAG:  lOOOX 


FIGURE  5-50:  Crack-like  striations  in  the  fatigue  progression  zone. 
Contrast  the  c^jpearanoe  witli  those  shown  in  Figure  5-49. 
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FAM  99198  MAG;  200X 


FIGURE  5-51;  Mixture  of  diirpled  overstress  and  cleavage  features  (arrcws) 
in  the  final  overstress  area  (quasi-cleavage) . 


FAM  99199  MAG:  lOOOX 


FIGURE  5-52;  Ditrpled  overstress  and  cleavage  in  the  final  fracture  area. 
Sorae  of  the  diirples  are  very  fine,  sowie  are  coarser. 
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MftTERIM:i 


A-286 

AMS  5525  Plate 

TEICT  DATA 

TEST  TYPE 
Smooth  HCF 

TEST  oaupmoNs 

Stress:  344.7  MPa  (50.0  ksi)/-344.7  MPa  (-50.0  ksi) 

Stress  Ratio:  -1 

Frequency:  1800  cpn 

Atino^iiere:  Air 

Tenperature:  704°C  (1300°F) 

Test  Direction:  longitudinal 

TEST  RESUniS 

Cycles  to  Fracture:  249,000 


FAL  93831  MAG:  15X 


FIGURE  5-53:  Test  results  and  fractography  of  A-286  704°C  (1300°F)  smooth 
HCF  test.  The  origin  area  is  shown  an  arrow  and  the  ext^t  of  fatigue 
is  shown  by  brackets. 


236 


FAM  100177  MAG;  lOOX 


FIGURE  5-54:  C^ical  photondcTograph  shewing  transgranular  fatigue 
progression.  Strain  lines  are  visible  in  the  grains  near  the  fracture 
(arrows) .  Ihe  fracture  ajpears  to  be  oxidized. 

Etchant;  15na  HQ,  lOml  HNO^,  lOml  acetic  acid 
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FAM  99200  MAG:  SOX 


FIGURE  5-55:  lew  magnificaticjn  photograph  of  the  origin  area  showing 
surface  origin  (arrow) . 


FAM  99201  MAG;  200X 


FIGURE  5-56;  Localized  origin  with  stage  I  faceting.  Feathery  cleavage 
(arrews)  is  visible  just  back  from  the  origin. 
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FAH  99206  MAG:  200X 


FIGURE  5-59:  Diapled  overstress  with  scsne  intergranular  features  in  the 
final  overstress  area. 


FIGURE  5-60:  Higlier  magnificatiw  photograpli  showing  diirpled  overstress  in 
tlxe  grain  edges  with  fine,  shallow  dimples  on  tiie  grain  faces. 
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MftTTyT?\T. 

A-286 

AMS  5525  Plate 

TOST  DKIA 

TOST  TyPE 
Snooth  ICF 

TOST  oraroinaTs 

Stress:  758.4  (110  ksi)/  38.0  MPa  (5.5  ksi) 

Stress  Ratio:  0.05 

Frequency;  10  cpm 

Atrao^ere:  Air 

Testperature:  204°c  (400°F) 

Test  Direction;  longitudinal 

TEST  RESUIilS 

Cycles  to  Fracture:  23,410 


FAL  93212 


MAG;  lOX 


FIGURE  5-61;  Test  results  and  fracto<^Fhy  of  A-286  204 °C  (400°F)  smooth 
ICF  test.  No  fatigue  progression  is  visible  at  this  magnification. 
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100221  MAG:  50X 

FIGURE  5-62:  C^tical  photomicrographs  shofe/ing  tlie  transgranular  fatigue 
progression  and  secondary  cracks  (tc^)  cuxi  tile  final  overstrtsss  (bottom) , 
Ihe  final  overstress  area  exhibits  numerous  subsurface  secondary  cracJts 
(arrows) ,  No  strain  lines  are  visible. 

Etchant;  15iul  HCl,  lOral  HNO^,  lOral  acetic  acid 


242 


j0  4’c;--4Ci'0‘r 


EMI  98655 


MAG:  50X 


FIGURE  5-63:  low  magnification  photogre^^h  showing  several  small  fatigue 
•  origin  areas. 


mi  98656  MAG:  200X 


FIGURE  5-64:  Several  stage  I  fatigue  facets  (arrows)  at  the  surfac3e  in  the 
area  shown  in  Figure  5-63. 
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FAM  98658 


MAG:  lOOOX 


FIGURE  5-65:  Hi^er  magnification  photograph  of  a  stage  I  fatigue  facet. 
The  striation-like  lines  (brackets)  on  the  adjacent  facet  are  slip  lines. 


FAH  98659 


MAG:  3000X 


FIGURE  5-66:  High  HagnificaticHi  photograph  of  tlie  slip  lines  shown  in 
Figure  5-65. 


.  O', > 
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FIGURE  5-67:  Overstress  features  near  the  center  of  the  specimen  are  a 
mixture  of  intergranular  rupture  and  dimpled  overstress. 


FAH  98664  HAG:  3000X 


FIGURE  5-68:  Dimpled  overetress  near  the  center  of  the  ajecimen.  A 
carbide  is  visible  at  the  bottom  of  a  ditple  (arrow) . 
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AMS  5525  Plate 


TEST  DATA 


TEST  THE 
Smooth  rCF 


TEST  OONDinOMS 
Stress: 

Stress  Ratio; 
Frequency; 
Atmo^iiere: 
Tetnperature: 
Test  Direction; 


689.5  MPa  (100  ksi)/  34.5  MPa  (5  ksi) 

0.05 

10  cpro 

Air 

704  C  (1300°F) 

Longitudinal 


TEST  RESUinS 

cycles  to  Fracture:  364 


FAL  92921  MAG:  12X 


FIGURE  5“69;  Test  results  and  fractography  of  A-286  704°C  (13O0°F) 
ICF  test.  No  fatigue  is  discernible  at  this  magnification. 


mi  100178 


MAG:  200X 


FIGURE  5-70:  Optical  piKitadcrogra^jhs  shewing  the  final  overstress  aiea 
(top)  and  inter^nular  secondary  cracks  (bottom) .  The  final  overstress 
area  exhibits  grain  elongation  and  seme  strain  lines.  Oowpare  with  the 
40o“f  ^)ecitnen  (Figure  5-63) .  Strain  lines  are  also  visible  in  isolated 
grains  along  the  gage  section  (arrow) . 

Etchant:  1^  HCl,  IQml  HN0>.  1(ML  aoetic  acid 


EAM  98512  MftG:  20X 


FIGURE  5-71:  Overall  photograph  shewing  several  fatigue  origins  that 
esdiibit  a  granular  aj^jearanoe  (arrews) .  Sc«ie  secondary  craeiking  is  also 
visible  on  the  speciinen  surface. 


FIGURE  5-72:  Photograph  showing  two  small  fatigue  zoi-ies  (arrews  A). 
Secondary  cracking  (arrew  B)  is  visible  adjacent  to  the  prim^  fracture. 


t 
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FIGURE  5-75;  Shecir  dinples  in  the  final  overstress  area.  Arrows  indicate 
the  directions  of  relative  raotion. 


FIGURE  5-76:  High  magnification  photo  of  the  slvear  dimples  shown  in  Figure 
5“75. 


MATTOTAT. 


h-286 

HMS  5525  Plate 

IKgP  DMA 

TEST  TYPE 
Stress  Corrosion 


TEST  CONDITIONS 
Stress: 
Atmo^ihere: 
Teitperature: 
Test  Direction: 


1378.9  MPa  (200.0  ksi) 

3%_NaCl  (siMulated  sea  water)  vapor 
93°C  (200^) 

longitudinal  U-Bend  Specimen 


Test  Results 

Test  Time:  864  hours 


FAL  97149  HftG:  8  1/2X 

FIGURE  5-77:  'Rest  results  and  fractograpliy  of  A-286  stress  corrosion  test. 
Hie  stress  corrosion  area  appears  daric  due  to  oxidation. 
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EftM  100450  MAG:  200X 


FIGURE  5-79;  lew  magnification  photogr^ii  of  the  stress  corrosion  area 
showing  feathery  features. 


FIGUjRE  5-80:  Higlvar  magnification  photograpli  showing  stetas  and  transverse 
secondary  cracks  along  with  feathery  features. 
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ICfflERIAL 

A-286 

AMS  5525  Plate 
TTST  revm 

TEST  TYIE 

Hydrogen  ettibrittlement 
TEST  OONDinaJS 

Stress:  1013.8  MPa  (147  ksi) 

Atmo^jhere:  Air 

Tanperature:  Roan  Tenperature 

Test  Directiai;  Longitudinal 

Charging:  Cathodically  polarized  30  min.  at  15Vdc  in  1% 

aqueous  HCl  using  a  platinum  anode. 

Test  Results 
Failed  during  loading 


FIGURE  5-81:  IVist  results  and  fractogrspiry  of  A-286  hydrogen  etnbrittlanait 
test.  No  shear  lip  is  visible  but  tl>e  O.D.  of  the  fracture  lias  a  jagged 
appearance. 
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FIGURE  5-82:  Optical  photanicrograph  showing  the  center  (top)  and  edge 
(bottan)  of  the  primary  fracture.  Ihe  grain  size  is  finer  in  this  ^seciitten 
than  in  the  otlier  A-286  ^jeciaens  because  thj.s  specimen  was  taken  from  a 
different  plate  of  material. 

Etchant:  15ml  HCl,  lOmil  HNO.,  lOml  acetic  acid 
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?m  98646  MAG:  SOX 

FIGURE  5-83:  IcM  magnificaticsi  photogr^  near  the  edge  of  the  ^secimi. 


FAM  98650  MAG:  200X 


FIcaJRE  5-84:  Lip  at  the  outside  edge  of  the  specimen,  exhibiting  jagged 

sti^. 
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FAM  98654  MAG:  3000X 


FIGURE  5“86:  Higher  imagnificatic»i  piiotograph  of  the  area  shewn  in  Figure 
5-85,  shewing  steps  near  ti>e  edge  cxjntaining  diitples. 


FIGURE  5-87;  Firal  overstress  area  near  the  center  of  the  fracture 
surface.  Several  cracked  cariaides  are  visible  (arrows) . 


FIGURE  5-88:  Dii^led  overstress  features  in  the  center  of  the  fracture.  A 
cracked  carbide  is  visible. 
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SERVICE  FRTTIIRF: 


FRACTOFE  MXE  Shear  Overstress  (Torsion) _ 

PART  NAME _ Tail  Pone  Bolts _ . 

OEERAnON  DATA  Frac±ure  ocx:urred  either  durim  tightening  or  Icxasening 
durim  assembly.  Neither  bolt  is  thoucAit  to  have  seen 
engine  operation. _ 

PART  TIME  New  Part _ 


REQUIRED  ACTUAL 

BASE 

MAT'L 

QffflER 

HARDNESS _ ' 

GRAIN  SIZE _ ' 

DIMENSIONAL 


*  Diamond  pyramid  hardness  (DFH)  conversions. 


A~286  (Iron-base  superallov) -  confirmed 


HB  248-341 _ _  HB  270-275  * 

No  Requirement _ _ _ ;; _ 


■SHNjjaRY:  The  fracture  of  bolts  Al  and  A2  (Figure  5-89)  was  attributed  to 
torsional  overstress  of  the  material.  Both  of  the  bolts  were  being 
loosened  vdien  the  fracture  occurred.  This  was  determined  by  examination  of 
the  elongated  shear  dinples  at  the  periphery  of  the  mating  fracture 
surfaces  (Figures  5-91  and  5-92) .  No  material  or  microstiaictural  defects 
were  found. 


F^L  87136  MAG:  6X  FAL  93389  HAG:  20X 


FTOJRE  5-89:  Overall  photographs  of  FIGURE  5-90;  Overall  photogre^  of 
holts  A1  and  A2.  The  torsional  nature  the  fracture  surface  on  tail  oone 
of  the  fractures  is  clearly  visible.  bolt  Al.  The  final  overstress  area 


m,  93390  MAG:  lOOOX  FAL  93388  HAG;  lOOOX 


FIGURE  5-91:  Shear  dinples  near  the  edge  FIGURE  5-92:  Shear  diitples  near 
of  the  fracture  (location  102).  the  edge  of  the  fracture 

(locaticm  104) . 


260 


Incoloy  901 


tfaterifll  Descanpticn 

Incx5loy  901  is  a  oorrosicai  and  oxidation  resistancse  hi^  nickel 
iron-base  alloy  used  in  the  aero^xicg  industry  primarily  for  rotor  parts 
operating  at  tenperatures  ip  to  1300  F.  Incoloy  901  is  available  in  the 
form  of  bars  and  forgings. 

Ihe  material  used  in  this  stucfy  was  heat  treated  to  EWA  1003  (bar) 
with  a  required  hardness  of  HB  302-388.  The  typical  room  tenperature 
mechanical  properties  for  1003  are  as  follows: 


Ultimate  Tensile  Strength: 
0.2%  Yield  Strength: 
Percent  Elongaticxi: 

Percent  Reduction  in  Area: 
Measured  Hardness: 


165  ksi  min 
120  Icsi  min 
12%  min 
15%  min 

HB  363-432  (I3FH  conversion) 


Fractocgar^TY  OuervigM 

Both  the  900°F  and  1300°F  I£F  specimens  had  multiple  faceted  Stage  I 
origins.  Macrosocpicemy,  the  fatigue  initiatiorv/propagation  areas 
appeared  as  oxidized  areas  with  more  facets  than  the  final  overstress. 
Both  specimens  ejdubited  smooth  oxidized  fatigue  striations  in  the  Stage  II 
fatigue  propagation  area,  intermixed  with  transgranular  and  intergranular 
cleavage  and  quasi-cleavage.  Many  of  the  cleavage  facets  had  slip  lines. 
Ihese  appear  as  strai^t  parallel  lines  that  should  not  be  confused  with 
the  generally  curved,  smoother  striations.  Hie  final  overstress  areas  on 
both  ^»cimens  were  a  mixture  of  cleavage  and  transgranular  dimpled 
overstress.  The  cleavage  facets  in  this  ^u:ea  often  contained  slip  lines  as 
were  observed  in  the  Stage  II  area. 

Ihe  thermal-mechanical  fatigue  (IMF)  specimens  both  had  heavily 
oxidized  fatigue  progression  areas.  Hie  in-phase  specimen  had  one  area 
propagating  frcw  multiple  origins  on  the  O.D.  surface.  Ihe  fatigue 
progressed  through  60%  of  the  cross  section  before  final  overstress 
occurred.  Ihe  in-pJiase  specimen  had  no  well  developed  striatiojis.  Hie 
out-of-phase  ^jeciiien  had  tiiree  I.D.  origins  and  four  O.D.  origins,  each 
with  a  discrete  oxidized  thumbnail  area.  Hie  progression  area  (Stage  II) 
cxMitained  quasi-cleavage  with  small  patches  of  remnant  striations.  Hie 
out-of-phase  specimen  had  heavily  oxidized  well  developed  striations  in  tlie 
Stage  II  area.  Hie  fatigue  was  less  faceted  than  the  in-phase  specimen. 
Hie  final  overstress  areas  on  both  ^lecimens  exhibited  a  mixture  of  dimpled 
overstress  and  quasi-cleavage. 
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Incoloy  901 
mk  1003  Bar 


TEST  DMA 


TEST  TCTE 
Smocfth  l£F 


TEST  OCMDUTCa^S 

Stress:  861.8  ME^  (125  ksi)/  42.7  MPa  (6.3  ksi) 

Stress  Ratio:  0.05 


Frequency: 
Atmo^ihere: 
Tenperature: 
Test  Direction: 


10  cpa 
Air 

482  C  (900^) 
Longitudinal 


TEST  RESCJIIDS 

cycles  to  Fracture:  7668 


FAL  92922  MAG;  12X 


FKSJRE  6-1;  Test  results  ancJ  fractography  of  Incoloy  901  482°C  (90o'V) 
sjonooth  ICF  test.  Hie  fatigue  areas  are  characterized  fcy  oxidized 
tliumbnails  (anxws)  at  the  outside  surface  of  tlie  specimen.  Ihe  rejiainder 
of  the  specimi  lias  a  granular  appearance. 
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FIOJRE  6-2;  Optical  photaracaragrapti  showing  the  faceted,  transgraiailar 
fracture  path  at  the  fatigue  origin  (arrow) . 

Etchant:  Glyoeapegia 
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FIGURE  6-4:  Higher  magnificaticm  piiotograph  of  the  fatigue  progression 
area  shown  in  Figure  6-3. 
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ms.  98502  MAG:  200X 


FIGURE  6-5;  Higher  magnification  photograph  of  the  fatigue  thumbnail 
showing  a  faceted  gran\ilar  aj^jearanoe.  Slip  lines  are  visible  on  the 
larger  facets.  Ohese  should  not  be  confused  with  fatigue  striations. 


mi  98503  HAG;  lOOOX 


FIGURE  6-6:  A  small  patch  of  fatigue  striatioiTs  is  visible  between  facets. 
H)e  direction  of  progression  is  shown  by  an  arrow. 
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FIGURE  6-7:  Higher  magnificaticjn  photxigraph  of  the  striations  shewn  in 
Figure  6-6. 


FAH  98507  HAG:  200X 


FIGURE  6-8;  Final  overstress  area  exhibiting  a  mixture  of  intergranular 
cleavage  and  transgraruilar  dinpled  overstress  (mixed  mode  overstress) . 
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H  H  L*' 0  V*E  R-S.  T  ^  f 
^  .  ..  .  .  ,., 


r>v 


>** 


FM  98509 


MAG:  lOOOX 


FTOTRE  6-9:  MixtPLttie  of  dinpled  overstress  and  cleavage  in  tte  final 
overstress  area. 


M  n  n  r  W  l  r »?  '  "4  ft  ‘>’^ 


EAM  98510 


MAG:  3000X 


FIOJWS  6-10:  Hitter  inagnification  photograph  of  tlie  area  shown  in  Figure 
6-9,  ihe  striation-like  lines  are  tlie  result  of  slip  and  l^ve  very  fine 
diqples  betweeji  them.  A  possible  isolated  patdi  of  fatigue  striations  is 
visible  at  tlie  bottcaio  center  of  the  pliotograph  (arrow) . 


WyiTOTAT. 


Incxjloy  901 
iWA  1003  Bar 


TEST  DKEA 

TEST  lYFE 
Smooth  ICF 


TEST  OMjlTiqJS 

Stress:  723.9  MPa  (105  Icsi)/  35.9  MPa  (5.2  ]<si) 

Stress  Ratio:  0.05 


Frequency: 
Atmo^^here: 
Tenperature: 
Test  Directicai: 


10  cpn 
Air 

704  C  (1300^) 
IiMTgitud.inal 


TEST  RE^TS 

cycles  to  Fracture:  2205 


FAL  93209  HW3:  lOX 

FK^JRE  6-11;  Test  results  and  fractography  of  Incoloy  901  704°c  (1300°F) 
SR'ooth  LCF  test.  The  fracture  surface  has  a  faceted  apfx^araiYoe.  The 
origins  appear  as  dark  areas  (arrows)  at  tl^e  surface  of  tiie  specimen. 
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FAN  99799  MAG:  200X 


FTGUPE  6-12;  Optical  photcndcrograph  showLng  a  faceted  intergranular 
frs'.ture  path  near  the  center  of  the  speciinen.  The  grain  boundaries  are 
vAeaker  at  hi^  teu|}eratures.  Oonpare  with  Figure  6-2. 

Etchant;  Glyoeregia 
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FAM  98732  MAG:  20X 


FIGURE  6-13;  IcM  magnification  photograph  shewing  several  stage  I  fatigue 
facets  at  origin  sites  (arrows) . 


FAN  98733  MAG:  SOX 


FIGURE  6-14;  Higher  magnification  photograph  of  a  fatigue  thumbnail  .area. 
Ihe  fracture  surface  is  a  collection  of  fatigue  facets. 
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FM  98734  MAC:  200X 


FIGURE  6~15:  Hitler  inagnificatiai  photogrc^  of  the  origin  area  (stage  I 
fatigue  facet)  shown  in  Figure  6-14. 


mi  98735  NAG:  lOOOX 


FIGURE  6-16:  Hi^  magnification  photograph  of  the  origin  area  shown  in 
Figvure  6-15,  revealing  mcderately  oxidized  surfaces. 
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FAM  98738  MAG:  lOOOX 


FIGURE  6-17:  Remnant  fatigue  striations  near  the  end  of  the  thuniaiail 
(bradcets  cjontain  5  striations) .  These  should  not  be  confbsed  with  slip 
lines  on  the  adjacent  facet  (arrow) . 


FAM  98739  MAG;  3000X 


FIC5JRE  6-18:  High  magnification  photograph  of  the  remnant  fatigue 
striations  shown  in  Figure  6-17. 
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FAM  98740  MAG:  200X 


FIGURE  6-19;  Final  overstress  area  ejdiibiting  a  mixture  of  transgranuleur 
cleavage  and  diiipled  overstress. 


FAM  98741  MAG:  IGOOX 


FIGURE  6-20;  Boundary  between  diipled  overstress  (left)  and  a  cleavage 
facet  (ri^t) .  Slip  lines  ninning  vertically  on  the  facet  should  not  be 
confused  with  fatigue  striations. 
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MM^RTAT. 


Incolcy  901 
IWA  1003  Bar 


TEST  DMCft, 


TEST  TyPa 
In-Riase  IMF 


TEST  OONDinC^ 

Stress;  461.9  MPa  (67.0  }csi)/-551.6  MPa  (-80.0  ksi) 

Stress  Ratio:  -1.19 


Frequency; 
Atiaosphere; 
Teitperature; 
Test  Direction; 


1  qam 
Air 

260°C  (500°F)/  704°C  (1300°F) 
Longitudinal 


TEST  RESUmS 

cycles  to  Fracture;  2129 


FAL  93216  MAG:  8X 

FIGURE  6-21;  Test  results  and  fractography  of  Inoolcy  901  in-phase  TMF 
teist.  ihe  fatigue  area  is  heavily  oxidized,  (brackets)  with  nuLtiple 
origins  along  the  outside  surface  of  the  specimen.  The  final  overstress 
area  appears  shiny. 
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FM  98896 


MAG:  lOOX 


FIGtJRE  6-22:  Optical  photomicrograph  showing  a  porticai  of  the  final 
cverstress  region.  Three  seoanclary  TMF  cracks  are  visible  at  the  surface 
(arrcMs) .  Slip  bands  are  visible  in  most  of  the  grains,  appearing  as  fine 
parallel  lines. 


Etchant:  Glyoeregia 


FIOJRE  6-23  {  lew  magnification  photogra^ii  of  the  fatigue  area.  Ihe 
origins  a^spear  to  be  cai  the  O.D.  surface  (bottan)  of  the  ^)ecimen. 


FAM  98744  MAG:  200X 


FIGURE  6-24:  High  magnification  view  of  stage  I  fatigue  at  an  origin  area. 
No  striations  are  visible. 
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FM  98745  MRG:  lOOOX 


FiaiRE  6-25:  liLxture  of  dinpled  overstress  and  resnnant  fatigue  futures  in 
the  fatigue  area.  The  large  fatigue  faoet  cxaitains  slip  lines,  with 
renmant  fatigue  striations  (arrow)  adjacent. 


EAM  98746  MAG:  3000X 


FIOJRE  6-26:  Higher  magnification  photograiii  of  the  area  shown  in  Figure 
6-25.  The  direction  of  fatigue  progression  is  shown  by  an  arrow. 


HftaERIAL 


Inoolcy  901 
IWA  1003  Bar 

TEST  DMA 

TEST  TyiE 
Out-of-Fhase  TMF 

TEST  ooromcais 

Stress:  551.6  MPa  (80.0  ksi)/~461.9  MPa  (-67.0  ksi) 

Stress  Ratio:  -0.84 

Ftequency:  1  cpn 

Atino^iiere;  Air 

'Tsji|)erature:  260  C  (500^)/  704°C  (1300^) 

Test  Direction:  Longitudinal 


TEST  RESULTS 

Cycles  to  Fracture:  5876 


FAL  92926  MAG:  9X 


FIGURE  6-27:  Test  results  and  fractogra|iiy  of  Inooloy  901  out-of-phase  TMF 
test.  Several  fatigue  progression  areas  (arrows)  appear  as  dark  (oxidised) 
areas  on  both  O.D.  and  I.D.  surfaces  of  tto  specimen. 
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EAH  100225  MAG:  lOOX 


FIGURS  6~28:  Optical  photcsmicrograph  sliowing  a  primal^  fracture  area  and 
three  secondary  cracks  (arrows) .  Some  light  strain  lines  are  visible  in 
graii^s  adjacent  to  the  fracture  (black  arrow) . 

Etcirant:  Glyceregia 


;XV,5 


pi. , 
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FAM  98547 


HAG:  20X 


FIGURE  6-29:  Low  magnification  view  of  a  fatigue  thumbnail  area. 


I  M  liMiiiliH  I  ■■■III  ■—I— 

FAM  98548  MAG:  SOX 


FIGURE  6-30;  Oxidised  fatigue  thumbnail  area.  Ihe  flat  oxidized 
ajpearance  indicates  O.D.  origins  (bottom).  No  localized  origins  are 
disoenrible. 
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EftM  98549 


MAG:  200X 


FIOJRE  6-31:  Fatigue  tlumtinail  regim  shot’ing  roonant  fatigue  features 
(arrow) . 


FAH  98550  HAG:  lOOOX 


FIGURE  6-32:  Heavily  oxidized  fatigue  striations.  Bracket  contains  five 
striations. 


201 


FIGURE  6-34:  Dinplod  cjverstress  witl^  small  arenas  of  cleavage  (arrow)  in 
the  final  overstress  area. 
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SERVICE  F^TTIIRR 


FRACIURE  MXE  High  CVcle  Fatigue  fHCF^ _ 

PART  NAME _ Eicdith  Stage  Oanpressor  Rotor  Blade _ 

OJERAnON  DATA  Blades  cracked  durim  green  run  proof  test.  Cracks 
were  discxjvered  durijxr  stress  enhanced  f'Vink”) 
fluoresoent  penetrant  inspection. _ 

PART  TIME  Short  operation  time  fcnreen  run^ _ 


REQUIRED  ACTUAL 

BASE  _  _ _ Incx?lov  901 _ _  cxanfirroed 

MAT'L 

CTHER _ - _ _  - _ 

HARDNESS _ BHN  341-415 _ _  BHN  352-371* 

GRAIN  SIZE _ ASIM  4  or  finer _ _  ASTM  4  or  finer 

DIMENSIONAL  _ - _ _ ^ _ - _ 


*  Diamond  pyramid  hardness  (DFH)  cxjnversicaTs. 


SUMMARY;  Blade  airfoils  cxacked  transversely  at  the  maximum  root  thickness 
(MRT)  due  to  hi^  cycle  fatigue  (HCF) .  Ihe  fatigue  propagated  from 
multiple  origins  cxi  the  convex  airfoil  surface  at  the  MKT  and  the  concave 
airfoil  surface  aft  of  the  leading  edge  (Figures  6-35  and  6-36) . 
Transmission  electron  microsocpa  (TEM)  examination  of  a  r^lica  revealed 
very  fine  fatigue  striations  confirming  the  mode  to  be  HCF  (Figure  6-38) . 
Itie  airfoil  tip  exhibited  0.010  inch  of  rub.  Scanning  electrxxi  microscope 
(SEM)  and  metallographic  examination  revealed  no  material  or 
micn:x»tructural  anomalies  to  account  for  the  cracking.  Examination  of 
metallographic  sections  through  the  airfoil  tip  revealed  no  evidenoe  of  any 
microstructural  changes  due  to  rub. 
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FAL  42560 


MAG;  lOX 


FIGURE  6-35;  Airfoil  section  shewing  the 
profile  of  the  fracture  surface  and 
additional  cracking  at  the  MRT  location 
(arrow) . 


FAL  93491  MAG;  lOOOX 


FIGURE  6-37;  SEM  photograpli  showii'jg 
fine  fatigue  striations  in  tlva 
fatigue  progression  zone. 


FAL  42448  MAG;  4X 


FIGURE  6-36;  Opened  crack  surface 
shewing  fatigue  progression  at 
the  L.E.  and  MRT  convex  side. 


FAL  93493  HAG;  2O,O0OX 


FIGURE  6-38:  TEH  photograpli  shewing 
fine  fatigue  striations.  Ilie 
direction  of  prqpagation  is  slKwn 
by  an  arrow. 


Incoloy  909 


Ifaterial  Description 


Incoloy  909  is  an  oxidation  and  corrosion  resistant  hi^  nickel 
iron-bage  eilloy.  It  is  used  primarily  for  parts  qperating  at  teitperatures 
to  1200  F  requiring  moderate  strength  and  lew  thenral  expansion.  Ihe  alloy 
is  used  in  the  solution  treated  and  precipitation  hardened  conditicai. 

Ihe  material  used  in  this  study  was  heat  treated  to  FWA  1191  with  a 
required  minimum  hardness  of  BHN  298.  Ihe  typical  mechanical  properties 
for  IWA  1191  are  as  follows: 


Ultimate  Tensile  strength  (min) : 
0 . 2%  Yield  Strength  (min) : 
Percent  Elmgation  (min) : 
Percent  Reduction  in  Area  (min) : 

ASTM  Grain  Size: 

Measured  Hardness: 


Room  Temperature 
150  ksi 
110  ksi 
6% 

10% 

Required 


1200  F 
115  ksi 
80  ksi 
10% 

15% 

Measured _ 

12.5  occas,  11 


BHN  287-310  (HRC  conversions) 


Fractoqrarhv  Overview 


Ihe  fractography  and  mechanical  test  data  from  the  four  tensile  tests 
and  the  stress  rupture  test  siiowed  significant  variations  in  ductility  and 
fracture  path.  Ihe  room  torperature  specimens,  both  smooth  and  notched, 
had  intergranular  fractures  with  fine  rar-domly  shaped  dimples  on  the  grain 
faces.  Both  specimens  also  exhibited  secondary  grain  boundary  s^>aration. 
Ihe  smooth  specimen  fractured  perpendicular  to  the  stress  axis  and  had  only 
a  very  small  shear  lip  oontaiiung  shallow  smeared  (shear  dimples.  Ihe 
notched  specimen  had  no  sJgjar  lip  and  was  more  inceigranular  than  the 
smooth  specimen.  Ihe  1200  F  smooth  and  notched  specimens  both  fractured 
primarily  by  transgranular  diiipled  ovei^stress.  Hie  smooth  specimen 
exliibited  de^  conical  voids  covered  by  a  uniform  oxide.  Ihe  fracture 
surface  was  at  several  angles  to  the  stress  axis  and  the  percent  elongation 
and  reduction  of  area  were  gre^r  than  double  tliat  measured  for  the  rxxm 
tenperature  ^jocimen.  'Ihe  1200  F  notdiod  tensile  specimen  had  a  0.005  inch 
discontinuous  shear  lip  at  tlie  base  of  the  notch.  Sane  areas  c»i  the 
surface  had  intergranular  features,  ihe  features  observed  and  mechanical 
data  measured  indicate  that  the  alloy  liad  weak  grain  boundaries  with 
respect  to  the  lattice  at  roan  tejTperature  but  at  1200°F  tlie  bulk  of  the 
grain  lost  erxxi^  strength  so  tliat  transgranular  fracture  occurrol  at  the 
strain  rates  used.  Ihe  stress  rxipture  specimen,  although  it  was  tested  at 
1200  F,  liad  an  intergranular  fracture  path.  Ihis  can  be  explained  b^use 
the  stress  rupture  specimen  was  statically  loaded  at  90%  of  the  1200  F  0.2 
per^t  yield  strength.  Under  this  loading  condition  the  grain  boundaries 
again  became  the  weakest  fracture  path. 
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Thrge  ICF  specimens  were  tested.  On^each  at  roan  tenperature,  400  F 
and  1200  F.  The  roan  temperature  and  400  F  specimens  had  smooth  Stage  I. 
fatigue  facets  at  their  origins^  The  roan  tenperature  specimen  had  four 
surface  origin  areas  and  the  400  F  specimen  had  only  one  local  origin  area. 
Althou^  both  ^)ecimens  had  facetg  at  the  origins  their  appearanoes  were 
significantly  different.  The  400  F  specimen  had  smooth  flat  relatively 
featureless  facets  vhere  the  roan  tenperature  facets  had  cleavage  steps, 
tear  ridges  and  feathery  features.  The  fatigue  progression  (Stage  II)  on 


the  roan  tenperature  specimen  had  parallel  transgrar^ar  features 
perpendicular  to  the  direction  of  prcpagation.  The  400  F  ^jecimen  had  a 
mixture  of  intergranular  fracture  with  transgranular  patches  of  fatigue 


striations.  The  final  overstress  arecis  were  a  mixture  of  intergranulea:  and 
transgranular  fracture  with  shallow  randonly  shaped  dinples.  The  1200  T 


^)ecimen  exhibited  multiple  surface  origins.  l-«jst  of  the  origins  were  at 


the  surface  but  one  was  at  a  subsurface  void.  Both  the  origins  and  fatigue 
progression  were  heavily  oxidized  obscuring  the  fine  features.  No 


striations  or  other  evidence  of  fatigue  was  visible.  The  prx^ressicai  did 
appear  to  have  an  intergranular  character  similar  to  the  400  F  ^leciiten. 
Secondary  cracks  were  visible  on  the  specimen  surface  in  the  gage  secticn. 

Both  TMF  specimens  had  multiple  origins  and  fatigue  progression  zones. 
The  in-phase  ^lecimen  had  both  I.D.  and  O.D.  origins  with  a  granular 
ajpearanoe.  High  nagnification  examination  revealed  oxidized  striations  on 


a  facet.  7U:eas  of  very  heavy  oxide  with  mud  cracking  were  found  near  the 
origin.  The  out-of-phasa  specimen  had  only  O.D.  origins  with  heavy  oxide 
in  the  origin  area.  In  the  fatigue  progression  areas,  possible  remnant 
cyclic  features  were  found.  The  final  overstress  area  exliibitad  a  mixture 


of  transgranular  and  intergranular  fine  diwpled  overstress. 
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Atmosphere: 
Tenperature: 
Test  Direct  ic»i: 


0.005  raiVmiVroio  (0.005 
Air 

Rocm  Tenperature 
longitudinal 


TEST  RESUDIS 
0.2%  Yield  Strength: 
Ultimate  Strength: 

Percent  Elongation: 
Percent  Reduction  of  Area: 


812.2  MPa  (117,800  PSI) 
1183,8  MPa  (171,700  PSI) 
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FAL  92387  MAG:  15X 


i  itjure  7-1:  Test  results  and  fractogx'aphy  of  Ii>cx>ioy  909  room  terr|>eraturQ 
sjiooth  tensile  test.  The  majority  of  tl:e  fracture  surface  odiibits  a 
granular  appearance.  A  very  mrrcM  disccMitinuous  stiear  lip  is  present 
along  the  surface  of  tlie  specimen  (arrow) . 
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FAH  99797  HAG;  200X 


FIGURE  7-2:  Optical  photomicrograpJis  sliowing  tliQ  intergranular  appeairance 
of  the  ej\tire  fracture  surface.  Slip  lines  are  visible  in  the  grains. 
Sctne  plastic  deforination  is  visible  appearing  as  elongated  grains  near  the 
fracture. 


Etdiant:  Glyceregia 
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FM  98242 


MAG:  SOX 


FIGURE  7-3:  Lew  magnification  photograph  showing  intergranular  overstress 
in  the  primary  fracture  area  and  a  narrow,  discontinuous  band  of  final 
overstress  (shear  lip)  alcaig  the  surface  of  the  specimen  (arrew) , 


FAM  98243 


MAG:  200X 


FIGURE  7-4:  Intergranular  overstress  in  the  primary  fracture  area. 
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mi  98244  lOOOX 


FIGURE  7-5:  Intergranular  overstress  esdiibiting  fine  shallow  diiJ|iles  on 
the  grain  faces  and  at  the  grain  edges. 


FAH  98245  HAG:  30GOX 


FIGURE  7-6;  Hi^er  magnification  photograj;^!  of  the  area  shown  in 
Figure  7-5,  exhibiting  sliallow  diitplcs  cai  the  grain  faces  (arrow  A)  and 
coarser  dhoples  at  the  grain  edges  (arrow  D) . 
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FAM  98246 


MAG:  200X 


FIGJRE  7-7;  Final  oveiatress  area  (shear  lip)  along  the  edge  of  the 
^jeciraen.  Bracket  indicates  the  extent  of  tlie  shear  lip. 


FAM  98247  MAS:  lOOOX 


PIOJRE  7-8;  oinearod  sliallow  sliear  diirples  in  the  final  overstreas  area 
(shear  lip) . 
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FAL  92386  HAG:  15X 


FIGURE  7-9:  Test  results  and  fractograpi^y  of  ljrex)loy  909  649°C  (1200°F) 
smooth  tensile  test,  lha  fracture  surface  appears  oorrpletely  different 
frcm  the  roan  tenperature  spcjcimen,  Figiure  7-1,  not  having  an  hitergranular 
appearance.  While  the  roan  tatperature  fracture  was  rou^y  perpendicular 
to  the  stress  axis,  this  fracture  occurred  on  several  plaices. 
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mi  99791  MAG:  200X 


FIGURE  7-*l0:  Optical  jiiotcxTdcrograptis  of  a  metal iograpiuc  arc^  s«:*ic»i 
tiuxwgh  the  fractuiia  surfacse.  Extensive  grain  doforuation  is  visible 

Etdant:  Glyoerogia 
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FAM  98255  MfiG;  5aX 


FIGURE  7-11:  icM  niagnification  vicfA?  allowing  the  d^tli  and  angularity  of 
the  fractal^  surfaog:.  No  sliear  lip  is  preseiit. 


FAM  98256  MAG:  200X 

FIGURE  7-12 :  Dijnplod  cwerstress  witii  void  ooalescsence  (arrows) . 
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FIGURE  7-13:  Diirpled  overstress  and  void  coalescence  (arrcws)  covered  with 
a  uniform  codde. 


/^'D'il'A;l.E'o'  ■;0V.ERSrRE5^i;:',.' 

o'CECi  •..yo.i-Og'v '/y,:' ,  ' 


% 


’ 


b)  f  E  N  R  TL  E  .  R  4  '^I'l:  -  I  2  g  g‘F 


,.:k 


FM  98258 


MAG:  3000X 


FIGURE  7-14:  Shallow,  moderately  oxidized  diinples. 
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Atmosphere:  Air 

Tenperature:  Roan  Temperature 

Test  Direction:  Longitudinal 

TEST  RESULTS 

Ultimate  Strength:  1250.0  MPa  (181,300  PSI) 


FAL  92389  MAG:  lOX 


FIGURE  7-15;  Test  results  and  fractography  of  Incoloy  909  room  teirpeorature 
notcdied  tensile  test.  Uie  fracture  has  a  fine  int^ranular  afpearance 
with  no  sliear  lip. 
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EftM  99808 


MAG:  200X 


FAH  99809  MAG:  200X 


FIGURE  7-16:  Optical  pliotanicrcgraplis  slicwing  tlie  intergranular  fracture 
path  of  tiie  entire  fracture  surface.  Slip  lines  are  visible  in  the  grains. 
Little  or  no  plastic  deforroation  is  visible.  Grain  boundary  separation  is 
visible  at  several  locations  (arrows) .  Ihis  can  also  be  seen  in  the  SEM 
photographs. 

Etchant;  Glyoeregia 


297 


FftM  98230  MAG:  SOX 


FIGUPE  7-17;  IfM  magnification  photograph  e^diibiting  intergranular 
overstress.  Grain  boundary  sqjaration  is  well  defined  and  wide^jread. 


FAH  98231  MAG:  200X 


ncURE  7-18:  Intergianular  overstress  with  grain  boundary  s^iaration 
(arrows)  in  the  area  shown  in  Figure  7-17. 
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Fm  98232  MAG:  lOOOX 


FIGURE  7-19;  Intergranular  overstress  with  both  fractured  and  non- 
fractured  caiijides  visible  (arrows) . 


FAM  98233  MAG:  3000X 

FIGm^E  7-20;  Fine  randondy  shaped  diirples  on  tiie  grain  facx2s. 
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FAL  92388  MAG;  lOX 


FIGURE  7-21:  Test  results  and  fractograpliy  of  Ii>coloy  909  649°C  (1200°F) 
notched  tensile  test.  Hie  fracture  shews  more  depth  than  the  roan 
teaiperature  specimen  (EUgure  7-15) .  A  light  oxide  and  a  narrow 
discontinuous  final  overstress  area  (shear  lip)  are  present. 
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EAM  99794  MAG:  200X 


EAM  99795  HAG:  200X 


FIGURE  7-22:  C^tical  pliotomicrographs  showing  a  predominantly 
transgranular  fracture  path  (tjop) .  Ooitpare  witli  the  room  teaEjperature 
^jecimen.  UnliKe  the  room  tatperature  specimen,  significant  plastic 
defonaation  is  visible  at  the  of  tiie  notci)  {bottom) . 

I  Etchant:  Glyoeregia 
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EAM  98234  MAG:  SOX 


FIGURE  7-23  ;  Lew  magnification  view  shewing  primary  and  final  overstress 
(shear  lip)  areas.  The  primary  overstress  area  does  not  have  the 
intergranular  appearance  of  the  room  teaperature  specimen  (Figure  7-1  r) . 


FAH  98235  HAG:  200X 


FIGURE  7-24:  Prin\axy  overstress  area  exliibits  light  oxidation  oovering  a 
mixture  of  transgraiiular  and  intergiranular  dimpled  overstress. 
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FAH  98237 


HAG:  3000X 


FIGURE  7-26:  Moderately  oxidized,  transgraiuilar  duapled  overstress. 
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ERH  98240  TOG:  lOOOX 


flGUPE  7-28;  Oxidized  ^^ear  dijiples  in  tiie  fij-sal  oveirstre^  area  (sJiaar 
lip).  “Ilie  direstiojis  of  relative  laoticsi  are  sliown  fcy  arrows. 
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FAL  92390  MAC;  lOX 

FI®)SE  7-29;  Test  results  and  fractograpliy  of  Incoloy  909  649*^0  (1200'V) 
stress  nature  test,  live  fractaura  surface  has  a  intergranular 

a|5pearai>oe  with  no  shear  lip. 
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FAM  98985 


HAG:  lOOX 


FIGUl^E  7-30:  Optical  pliotomicarograph  siicwing  intergrai-iular  fracture  path. 
An  oxide  can  be  seen  oovering  the  entire  fracture  surface  and  on  the 
surface  of  the  ^jeciitien  (arrows).  Hie  grain  size  is  significaoitly  larger 
tlian  tile  room  bonperature  test  specinens^  indicating  that  grain  growth 
occurred  during  testing. 

Etchant:  Glycerogia 
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FAM  98260  ’  MAG:  SOX 


FIOJRE  7-31;  Lew  maopiiificaticai  view  shwing  the  primary  fracture  area 
(tc^j) ,  e>{hibiting  moderate  oxidation,  and  the  final  fracture  area  (bottoa) 
that  was  very  lightly  oxidized. 


PM  98261  hag;  200X 


FIQJRE  7-32:  Priroary  fracture  area  exhibiting  oxidized  intergranular 
features. 
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FAM  98262  ttMi:  iOOOX 


FIGURE  7-33:  Higlier  iragnification  view  of  aon  oxidized  grain  triple  point 
in  the  primary  fracture  area  (arrow) .  The  presence  of  triple  points  is 
indicative  of  intergranular  fracture. 


FAH  98263  3000X 

FIGURE  7-34:  Moderately  oxidized  priitery  fracture  area. 
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FI(p<E  7-36;  Hi(^er  magnification  photograj^i  of  a  grain  boundary  quadruple 
point  (arrcw)  in  the  final  fracture  area  shown  in  Figure  7~35. 
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FAL  92384  MAG:  lOX 


Figure  7-37:  Test  results  and  fractography  of  Incoloy  909  roan  tarperature 
SBWoth  ICF  test.  Ihe  fracture  appears  slightly  intergranular  with  no 
cjbvious  fatigue  progression  (thunibimils) .  Ihe  fatigue  progression  areas 
appear  as  lifter,  granular  areas  (arrows) . 
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FM  99881  MAG;  200X 


FAM  99882  MAG:  200X 


FIGURE  7-38;  Optical  photomicrographs  allowing  predominantly  transgranular 
fracture  path  in  the  fatigue  progression  area  near  the  origin  (top)  and 
intergranular  fracture  p>ath  in  the  final  overstress  area  near  the  center  of 
the  speciiaen  (bottxara) .  A  large  quantity  of  structure  is  visible  in  tlie 
grains. 


Etchant;  Glyceregia 
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EAM  98267  MAG:  SOX 


FIGURE  7“39:  Lew  magnification  view  showing  a  fatigue  origin.  Fatigue 
prc^gaticxi  occurred  in  small  patches  near  the  surface  of  the  ^)ecimBn. 
Ihe  remainder  of  the  fracture  surface  is  a  mixture  of  transgranular  and 
intergranular  overstress  (mixed  mode).  Brackets  show  the  extent  of  the 
fatigue. 


FAH  98268  MAG:  200X 


FIGUlffi  7-^0:  Fracture  origin  sliown  in  Figure  7-39,  exhibiting  smocth 
cleavage  facets  (Stage  I  fatigue). 
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FIGURE  7-41:  Hi^er  nagnification  photograph  of  the  origin  area  (Stage  I 
fatigue  facet)  shown  in  Figure  7-40.  The  origin  exhibits  cleavage  with 
bands  of  cyclic  features  (arrcws) . 
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EAM  98271  MRG:  3000X 


FIGURE  7-43;  Fatigue  progressiai  near  the  origin  ejdiibits  parallel 
features  (remnant  striations)  pexpendicular  to  the  direction  of 
prc^gation.  Ihe  directictfi  of  propagation  is  ^cwn  by  an  arrow. 
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FIGURE  7'-44;  Test  resu3,ts  and  fractography  of  Bicsoloy  909  204^^0  (400°F) 
smooth  ICF  test.  Hie  entire  fracture  surface  has  a  granuleir  appearance. 
Hie  fatigue  progression  area  is  reflective  and  has  more  clearly  defined 
facets  (arrow). 
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IM  99877 


200X 


FAH  99878  HAG:  lOOX 


FIGURE  7-45:  Optical  pliotomicrograpli  sliowing  intergranular  fracture  path 
in  the  fatigue  progression  area  near  tlie  origin  (top)  and  in  the  fit^ 
cverstress  area  near  the  center  (bottom) .  Less  structure  is  visible  in  the 
grains  than  in  the  room  temperature  specimen.  See  Figure  7-38. 
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FIGURE  7-47:  Sraooth  facets  indicative  of  Stage  I  fatigue  at  an  origin 


EAM  98276  MftG:  lOCOX 


FIGURE  7-48;  High  raagnification  view  of  the  origin  area.  No  fatig^ 
features  are  visible  on  the  Stage  I  facet. 


FAH  98277  HAG:  lOOOX 


FIGURE  7-49;  Fatigue  progression  rvear  tlie  origin  area,  fatigue  striations 
are  visible  on  scrae  of  tl^  Stage  I  facets  (arrow) . 
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FAM  98278  MAG:  3000X 


FTCSJKE  7-50:  Fatigue  striations  in  the  fatigue  pnogressiw  area 
(bradcets) . 


EAH  98279  NAG:  200X 


FIOJRE  7-51:  Intergrajiular  overstress  witli  grain  boundary  separatioii  in 
the  finad  cA/erstress  area. 
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FM  98280  MAG:  lOOOX 


FIGURE  7-52:  Dimpled  intergranular  overstress  in  the  final  overstress 
area.  Grain  faces  are  covered  with  randcmly  shaped  dimples. 


MftamiAL 


Incx>loy  909 
EWA  1191  Bar 


TEST  DKBV 


TEST  TYPE 
Smooth  LCF 


TEST  aM3m<ajs 
Stress: 

Stress  Ratio; 
Frequency: 
Atmosphere; 
Tenperature: 
Test  Direct  icai; 


689.5  MPa  (100.0  ksi)/34.5  MPa  (5.0  ksi) 

0.05 

10  cpm 

Air 

649°C  (1200°F) 
longitudinal 


TEST  RESUHRS 

cycles  to  Fracture:  11,750 
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naiRE  7-53:  Test  results  and  fractograpiy  of  iJKoloy  909  649°C  (1200°F) 
snooth  ICF  test.  Several  fatigue  progression  tliumbnails  appear  as  shiny 
faceted  areas  (artxjws) .  ihe  remainder  of  the  fracture  surface  has  a 
granular  appearance. 


EAM  99783  MAG:  200X 


FIGURE  7-54:  Optical  photonicixigrapl-is  -howing  prBdlamii\anUy  transgranular 
fracture  path  in  the  fatigue  progression  area  near  tlia  origin  and  in 
the  final  overstress  area  near  the  center  of  the  speciiofai  (bottcam) . 


Etchant;  Glyoerogia 
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EAM  98281 


MSG;  SOX 


FIGURE  7-55;  Tjjtj  magnification  view  shewing  several  fatigue  origins  and 
secondary  cracking  on  the  outside  surface  of  the  specimen.  Hie  fracture 
surface  appears  to  be  oxidized. 


FAM  98282 


MAG;  200X 


FIGUI^  7-56;  Oxidized  fatigue  origin  shown  in  Figure  7-55. 


ERM  98283  MAG:  lOOOX 


FIGURE  7-57:  High  magnification  photograph  reveals  that  the  fatigue 
originated  at  a  slightly  subsurface  void.  Hie  void  produced  a  stress 
concentration. 


FAM  98284  MAG:  lOOOX 


ncajRE  7-58:  Heavily  oxidized  fatigue  progression  area.  Ho  fatigue 
features  are  discamihla. 
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Figure  7-59:  Test  results  and  iractograj^iy  of  Incoloy  909  in-phase  TMF 
test.  The  fracture  e:<hibits  multiple  origins  of>  both  the  I.D.  and  O.D. 
surfaces  of  the  speciman. 
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FAM  99804  MAG:  200X 


FAM  99805  MAG:  200X 


FIGURE  7-60:  Optical  photoauicrographs  shewing  heavily  oxidized 
transgranular  fracUire  patli  with  nmtverous  secondary  cracks  in  the  specin^en 
sur-faoe  (arrows) .  Hie  cracks  e^drihit  the  typical  oxide-filled  ’•V*'  shape. 

Etchant:  Glycseregia 
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EAM  98533  MAG;  SOX 


FIGURE  7-61;  lew  magnification  photograph  shewing  IMF  orignis  (brackets) 
cai  both  the  I.D.  and  O.D.  surfaces  of  the  specimen,  and  secondary  cracking 
on  the  O.D.  surface  (arrows) .  Ihe  origin  areas  aj^iear  to  be  faceted. 


FAM  98534 


MAG:  200X 


FIGURE  7-62;  Faceted  fatigue  area  at  the  I.D.  surface  of  the  specimen 
(brackets)  ai'd  dimpled  overstress  near  the  center  of  the  fracture  surface. 
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FAM  98535  MAG;  lOOOX 


FIGURE  7-63;  Oxidized  fatigue  striations  near  the  I.D.  surface  of  the 
^)6clinen  (brackets) . 


EAM  98536  MAG:  3000X 


FIG^  7-64;  High  niiagnification  photograph  showing  oxidized  fatigue 
striations  (Figure  7-63) .  Arrow  shows  the  directioii  of  prc^jagaticai. 
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mG:  lOOOX 


FIGURE  7-67;  Mud  (tracking  of  heavy  oxide  in  the  fatigue  area  near  an 
origin.  This  type  of  oxide  cracking  is  characteristic  of  TMF. 
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Figure  7-68:  Test  results  and  fractography  of  Incoloy  909  out-of-phasa  IMF 
test.  A  fatigue  progression  area  (tlumbnail)  is  visible  at  the  botton  of 
the  photograph  (arrow) . 
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FAM  99806  MAG:  200X 


FAM  99807  MAG:  200X 

FIGURE  7-69:  Optical  photmicrographs  shewing  heavily  oxidized 
predoninantly  transgranular  fatigue  patli  (bracket,  top) .  Ihe  speciinen 
surface  exhibits  secondary  cracks  and  grain  boundary  separaticwi.  The 
center  of  the  specimen  (bottom)  exhibits  non-oxidized  final  overstress. 
Some  intergranular  overstress  is  visible  (arrow) . 


Etdiant:  Glyceregia 
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FK^JRE  7-71;  THF  origin  on  tlie  O.D.  surface  of  the  specitaen.  ihQ  fatigue 
progression  area  appears  sroootJi  and  oxidized. 


FAM  98542  MAG;  200X 


FIGURE  7-72;  Fatigue  area  near  an  origin.  The  fracture  surface  is 
relatively  flat  and  oxidized. 


•  o'  , 
t  *  r  ■ 


FAN  98543  HAG:  lOOOX 


FIGUl^  7-73:  Possible  remnant  striations  in  the  fatigue  2cx>a.  Ari  arrcw 
shows  the  direction  of  prc^:iagation. 


O' 
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EAM  98544  MW3;  200X 


najRE  7-74:  Final  cjverstness  area  eadiibits  a  mixture  of  transgranular  and 
intergraiTular  overstress  (mixed  mode) . 


FAM  98545  MAG:  lOOOX 


tlOJRE  7-75:  Hi^ier  inagnificatic«i  photograph  of  the  area  shown  in  Figure 
7-74,  showing  a  mixture  of  trai'isgraiuilar  and  intergranular  overstress. 
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FAM  98546 


MAG;  3000X 


FIGURE  7'-76:  Very  fine  diirples  in  the  final  overstress  area. 
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SERVICE  EATTriRK 


FRACTURE  MXE  Ihemal-Mechanical  Fatigue  _ 

PART  NAME  SecoiTd  Stage  ‘rurbine  Duct  Segment  (Tip  Shroud)  Support  RirCT 

OFERATIC*J  DATA  C^jerated  under  standard  gas  turbine  emine  operatim 
ocyxiition  in  an  accelerated  mission  test  (AMT)  ♦  The 
segments  were  subjected  to  moderate  steady  and  cyclic 
stresses  at  high  teanperatures. _ 

PART  TIME  929  hours  (4000  operational  cycles) _ 


RE3C3UTRED  ACJlUAL 

_ Incolov  909 _ — —  Confinned 

_ Aluminide  Coating  -  Confirned 

HRC  36  miniiTtiTm  fHB  conv.)  -  HRC  21-35  * 

ASIM  2  or  finer,  occas.  1  -  ASIM  2-3 


*  Diamond  pyramid  hardness  (DEH)  conversior«». 


BASE  _ 

MAT'D 

OIHER_ 

RARENESS _ 

GRAIN  SIZE _ 

DIMENSIONAL 


SUMMARY;  The  exacting  associated  with  the  duct  segment  attadiinent  window 
was  the  r^dt  of  TMF.  Di^stressed  areas  between  the  tip  shroud  segments 
also  e^:peared  ^  be  thermally  induced,  with  evidence  of  local  hot  spots 
exceeding  1350°F  (maximum  metal  temperature) .  Erosion  hot  gases  also 
oKitributed  to  the  problem.  The  variation  in  the  hardness  readings  was 
attributed  to  local  hot  spots.  No  contributing  material  or  microstructural 
defects  were  found. 
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FAL  87682  MAG:  4X  FAL  93460  MAG:  lOX 

FIGURE  7-77:  Close-i:p  view  of  tlie  duct  FIGURE  7-78:  Overall  photograph  of 
segment  attachment  window  ejdiibiting  an  qpehed  crack  surface, 
cracking  (arrows) . 


FAL  93457  MAG;  300X  FAL  93458  MAG:  2000X 


FIGURE  7-79:  Relatively  flat  oxidized  FIGURE  7-80;  High  magiiification  SEM 
features  on  the  opened  crack  surface.  photograph  showing  the  oxide 

structure. 
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FAL  93461  MAG:  20X  FAL  93462  MAG:  160X 


FIGURE  7-81:  Pair  of  cptical  photaniciographs  of  a  metallographic  cansss 
section  throu^  several  cracks.  The  cracks  e:idiibit  the  oKidizod  wedge  shape 
characteristic  of  TMF. 


Etchant:  Glyoeregia 


Inconel  600 


KafmHal  Descadpticn 

Inconel  600  is  a  corrosion  and  oxidation  resistant  nai-age-hardenable 
nickel-^hronium  alloy.  Inconel  600  is  easily  welded  and  is  available  as 
sheet,  strip,  plate,  bar,  wire,  tubing  and  castings.  Ihe  strength  at 
elevated  terrperatures  is  s^jmilar  to  18-8  stainless  steel  and  it  is 
oxidaticsi  resistant  to  2000  F,  but  is  useful  only  vdien  stresses  are  low. 

The  material  used  in  this  stufy  was  heat  tr^ted  to  AMS  5665  (bar) 
with  a  required  hardness  of  BHN  229-311  for  cold  drawn  stock  to  1.0  inch 
and  EHN  134-241  vhen  hot  finished  vp  to  0.5  inch  thick.  Ihe  typical  rocm 
temperature  mechanical  properties  for  AMS  5565  (bar)  are  as  follows: 


Ultimate  Tensile  Strength: 
0.2%  Yield  Strength: 
Percent  Elongation: 

ASIM  Gram  Size: 


Measured  Hardness: 


Overview 


85  ksi 
35  ksi 
30% 

Required _ Measured 

No  Requirement  14 

BHN  164-171  (DPH  conversions) 


The  room  taiperature  smooth  and  notched  tensile  ^«cimens  e)diibited 
dimpled  overstress  with  some  grain  boundary  separation.  The  smooth 
specimen  had  a  large  0.05  inch  shear  lip  ocmitaining  shear  dimples  and  other 
shear  features.  The  notched  specimen  had  no  shear  lip  and  a  more 
intergranular  appearance  than  tte  room  temperature  ^lecimen.  Some  of  the 
grain  faces  and  cleavage  facets  had  slip  lines  visible.  Both  elevated 
temperature  specimens  eidiibited  primarily  transgranular  dimpled  overetress. 
Neither  ^jGcimen  had  a  shear  lip.  The  dimples  on  the  smooth  specimen  were 
deqp  and  coarse.  The  notched  specimen  had  shallcwer  dimples  with  areas  of 
void  coalescence.  Many  of  the  larger  dimples  had  ripples  on  their  walls. 
Ihe  stress  rupture  ^jecimen  was  heavily  oxidized  dimpled  rupture  with 
numerous  deep  voids.  Ihe  fracture  occurred  at  an  angle  to  the  stress  axis. 
All  the  fine  features  were  otscured  by  the  oxide. 

Each  of  the  three  HCF  ^aecimens  eidiibited  c»ie  localized  origin  area 
and  fatigue  progression  that  ocjvered  greater  than  90%  of  tiie  c^>ss  section 
before  final  overstress  occurred.  Tie  room  tenperataire  and  800  F  specimens 
had  geveral  individual  origins  within  the  single  local  origin  area.  The 
1300  F  specimen  prcpagatod  from  a  single  origin.  The  two  lower  temperature 
^lecimens  had  similar  origin  appearances,  having  several  Stage  I  facets  at 
the  surface,  Ihe  fatigue  propagation  areas  (stage  II)  exhibited  fine 
fatigue  striations  on  plateaus  separated  by  fatigue  st^  and,  in  sortie 
cases,  broa^  tearing  features.  Ohe  striations  were  significantly  finer 
on  the  800  F  specimen  due  to  tlie  lower  applied  stress.  Ihe  final 
overstress  areas  were  a  mixture  of  dimpled  cA/erstress  and  guasi-^eav^e 
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features  occurring  in  a  narrcw  crescent  shape.  Ihe  1300  F  qjecimen  had  no 
facets  in  the  stage  I  area,  having  only  feathery  cleavage  features  with  no 
striations  directly  adjacent  to  the  origin  and  plateaus  containing  fine 
fatigue  striations  sqparated  by  st^)s.  Individual  striations  were  not 
resolvable  adjacent  to  the  origin  because  they  were  fine  and  were  covered 
by  a  uniform  oodde.  The  striations  became  significantly  coarser  in  the 
fatigue  progressiai.  Ihe  final  overstress  area  was  heavily  oxidized  with 
no  discernible  features. 

Ihe  three  notched  KCF  specimens  eodiibited  similar  trends  with 
tenperature  as  the  smooth  specimens.  Ihe  major  difference  was  that  the 
notghed  ^secimens  propagated  frcm  multiple  origins  ^read  over  as  much  as 
120  of  the  surface.  Ihe^ local  origins  were  s^jarated  by  small  steps 
(ratchet  marks) .  Ihe  1300  F  ^secimen  had  feathery  cleavage  and  patches  of 
oxidized  striations  in  the  origin  areas.  All  three  ^)ecimens  had  plateaus 
with  very  fine  striations.  Ihe  two  elevated  tenperature  qsecimens 
ejdiibited  more  increase  in  striation  spacing  as  the  crack  progressed  than 
the  room  tenperature  ^jecimen.  Ihe  final  overstress  areas  on  all  three 
^jecimens  had  a  mixture  of  dinpled  overstregs  and  quasi-clea^^ge.  ^ 

TWO  DOF  specimens  were  run,  one  at  800  F  and  one  at  1300°F.  Ihe  800  F 
^jecimen  h2d  a  small  oxidized  thumbnail  with  fatigue  propagating  from  two 
origins  s^iarated  by  a  step.  Both  origins  had  a  small  stage  I  facet  at  the 
surface  with  feathery  cleavage  and  seme  fine  striations,  Ihe  fatigue 
prqpagated  beyond  the  thumbnail^  exhibiting  coarser  striations  and 
crack-like  gtriations.  Ihe  1300  F  specnaen  exhibited  multiple  origins 
along  a  120  area  on  the  surface,  Ihe  fatigue  crack  thumbnail  progressed 
across  40%  of  the  specimen  before  final  overstress  occurred.  Heavily 
oxidized  striati(»s  and  crack-like  striations  were  visible  near  the  origin, 
with  rennant  striatiojis  and  secondary  cracks  perpendicular  to  the  direction 
of  propagation  in  the  fatigue  progression  area.  Ihe  final  overstress  areas 
on  both  ^jecimens  had  a  mixture  of  dimpled  overstress  and  quasi-cleavage, 
with  a  lower  percentage  of  quasi-cleavage  features  on  the  hi^  temperature 
fracture. 
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WmiRTAT. 


inocnel  600 
MB  5665  Bar 

TECT  EMBV 

TEST  TYPE 
Smooth  Tensile 

TEST  OCMDinC^JS 

Strain  Rate:  0.005  iiiVOT0dn  (0.005  iiv'irv'min) 

Atmosphere;  Air 

Tenperature;  Room  Teitperature 

Test  Directioi;  Longitudinal 

TEST  RESULTS 
0.2%  Yield  Strength: 

Ultimate  strength: 

Percent  Elongation: 

Percent  Reducticai  of  Area; 


286.8  MPa  (41,600  PSI) 
684.0  MPa  (99,200  PSI) 

48.5 

60.6 


FAL  92441  MAG:  15X 


FIGURE  8-1:  Test  results  and  fractography  of  lncc«el  600  room  tenperature 
smooth  tensile  test.  The  fracture  surface  is  dcsninated  by  a  very  large 
shear  lip  (bracket) .  Ocupare  witli  tlie  1300  r  smooth  tensile  specimen 
(Figure  8-9)  tliat  has  no  shear  lip. 
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FIGURE  8-2:  Optical  photomicrcigraph  shewing  elcaigated  grain  structure  near 
the  center  of  the  sample  indicating  plastic  defonnaticai  prior  to  the  final 
fracture.  Elongated  voids  are  visible  (arrews) .  Itiesa  voids  are  also 
visible  on  the  fracture  surface  near  the  center  of  the  specimen  (Figures 
8-3  and  8-5) . 


Etchant:  5%  Nital  electrolytic 
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EAM  98301  MAG;  SOX 


FIGURE  8-3:  Law  Magnification  view  shewing  the  large  shear  lip  (bracket) . 


FAM  98302  MAG:  200X 


FIGURE  8-4;  Diitpled  overstress  with  sane  grain  bexindary  separation 
(arrews)  in  the  primary  fracture  area.  At  least  two  elongated  voids  are 
visible  (arrew  A) .  These  are  also  visible  in  tire  metal lograpliic  cross 
section  (Figure  8-2) . 
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fm  98303  MAG;  lOOOX 


FIGURE  3-5;  Dimpled  overstress  with  grain  boundary  s^jaratioi.  An  arrow 
shcRts  a  triple  point  between  three  grains. 


FIGURE  8-6:  Grain  bourdary  separation  at  a  triple  point.  An  elongated 
tubular  void  is  visible  ivear  tlie  center  of  the  piiotcgraph  (arrow) . 


1^' 

.  .  6=?'  ' 
-  'i  . 
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ENH  983Uf>  MAG:  lOOOX 


FIGURE  8-7;  Shear  features  in  final  overstress  area.  Hie  directions  of 
relative  motion  are  shown  by  arrows.  Areas  of  smear  are  separated  by 
patches  of  fine  shear  diirples. 


FAN  98308  MAG:  3000X 


nojRE  8-8:  Shear  diicples  and  other  shear  features  in  the  final  overstress 
area. 
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MMTKTAT. 


InoGfiel  600 
MS  5665  Bar 

TEST  DMA 

TEST  ‘lYFE 
Smooth  Tensile 

TEST  OONDinONS 

Strain  Rate;  0.005  inn0nn0nin  (0.005  iiVirVlnin) 

Atmo^shere;  Air 

Teaperature;  704°C  (1300°F) 

Test  Direction;  longitudinal 

TEST  RESUIJS 

0.2%  Yield  Strength;  168.2  MPa  (24,400  PSI) 

Ultimate  Stroigth;  459.9  MPa  (66,700  PSI) 

Percent  Elongation;  49.5 

Percent  Reducticai  o£  Area:  55.3 


PAL  92442  I®G:  15X 


FIttJRE  8-9;  Test  results  and  fractograpiiy  of  Itiowiel  600  704°C  (i300°F) 
smooth  tensile  test.  Ihe  fracture  surfacse  is  generally  perpencJicular  to 
the  stress  axis,  tto  sliear  lip  is  visible.  Ihe  percent  elongation  and 
reduction  of  area  values  are  similar  to  tire  roan  totperature  ^jecimsn 
values. 
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mi  100466 


HAG:  200X 


FIGURE  8-10:  Optical  photomicEiograph  ahowiiig  grain  elongaticn  and  ssoondary 
cxaddng  adjacent  to  the  fracture. 


Etchant:  5%  Nital  electrolytic 


FftM  98309  HAG:  SOX 


FIGURE  8-11:  DintJled  overstc^ss  with  seoontiary  cxacking.  No  shear  lip  is 
visible.  Tensile  diaples  extend  all  the  way  to  the  edge  of  the  aieciicien. 


FAH  98310  HAG:  200X 


FIcaJl^E  8-12;  Dirnpled  overstress  with  coarse  features.  Ihe  diiqple  si;^ 
varies  frcm  large  (white  arrows)  to  very  small  (black  arrows) . 
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98311  MAG:  lOOOX 


FI(3JRE  8-13;  Mixture  of  cxarse  aud  fine  dinpled  overstress.  A  lic^t 
oxide  is  now  visible  on  the  fracture  surface. 


FAM  98312  3000X 

FIGURE  8-14;  Fine  oxidized  diinples  on  cocirse  ductile  features. 
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mTPRTAT. 


Incsanel  600 
AMS  5665  Bar 

TRHT 

TEST  TYPE 
Natxiied  Tensile 

TEST  aM)ITI<3TS 

Crosshead  Speed;1.27  irat/min  (0.05  irVium) 
Atmosphere;  Air 
Temperature:  Room  Temperature 

Test  Direction:  longitudinal 

TEST  RESUmS 

Ultimate  Strength:  1332.1  MPa  (193,200  PSI) 


FAL  92443  MAG:  lOX 


FIGURE  8-15:  Test  results  and  fractografiiy  of  Inconel  600  rocsa  tatperatura 
notched  tensile  test.  Ihe  entire  fracture  surface  is  sliiny  (free  of  oxide) 
and  has  a  granular  appearance.  No  shear  lip  is  visible. 
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FAM  99851  MAC:  200X 


FIGURE  8-16:  Optical  photoinicrograph  of  a  metallogre^jhic  caxss  section 
through  the  fracturo  surface.  Ihe  fracture  c^jpears  at  least  partially 
intergranular. 

Etchant;  5%  Nital  electrolytic 


ERM  98290  MAG;  50X 


FIGURE  8-17!  Low  magnification  view  shewing  a  mixture  of  intergranular 
(vMte  arrews)  and  transgranular  (black  arrews)  overstress  features. 


FAM  98291  MAG:  200X 


FIGURE  8-18:  Mixed  mode  overstress  exhibiting  areas  of  transgranuleu: 
diiipled  overstress  (arrow  A)  cleavage  (arrews  B)  and  intergranular 
overstress  (arrow  C) . 
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rSifclt:-! 


MVTRRTAT. 


Inconel  600 
AMS  5665  Bar 

TECT  Djynv 

TEST  TYPE 
Notched  Tensile 

TEST  OONDrrrONS 

Crosshead  Speed:1.27  utti/min  (0.05  in/min) 
Atmo^jhere:  Air 

Tenperature:  704°c  (1300°F) 

Test  Direction:  Longitudinal 

TEST  RESULTS 

Ultimate  Strength:  621.9  MPa  (90,200  PSI) 


FAL  92444  MAG:  lOX 


FIGURE  8-21:  Test  results  and  fractography  of  Ijxxsjiel  600  704*^C  (1300°F) 
mtched  tensile  test.  Hie  fracture  exhibits  oxidation  and  deeper  features 
than  the  roan  tenperature  speciinen  (Figure  8-15).  Ihe  center  of  the 
^lecimen  is  relatively  flat  oanpared  to  tlie  edges. 
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FIGURE  8“22;  Optical  photomicrtDgrapii  taken  r^ar  the  center  of  the  specimen. 
Ihe  grain  structure  is  equiaxed  exhibiting  no  visible  plastic  deformation. 
OcKpare  this  structure  with  the  snooth  specimens  (Figures  8-2  and  8-10) . 

Etchairt:  5%  Nital  electrolytic 


f,  ’ 
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FIGURE  8-23:  Low  magnification  view  shewing  d&sp  features  near  the  edge 
(arrews) .  Ihe  center  of  the  ^jecimen  is  relatively  flat  (dimpled 
overstr^) . 


FAH  98295  MAG;  200X 


FIGURE  8-24:  Primarily  treunsgranular  dinplod  overstress  witl^  so»i>b  void 
c»alesoenoe  (arrows)  in  tl;e  center  of  tlie  specin«n.  These  voids  are 
visible  iii  the  metallographic  cross  section  (Figure  8-22) . 
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FIGURE  8-26:  Transgtanular  cleavage  facsets  with  a  few  fii'jQ  diii|jles  isi 
between  (arrow) . 


FiaiRE  8-27;  Mixture  of  dinpled  overstress  and  fine  cleavage  in  the  final 
overstress  area. 


FI(3UKE  8-28;  Higlier  magnification  piiotograph  of  tlia  area  shawx  in  I'igura 
8-27  shewing  fine  randotnly  shaped  dimples  and  fine  cleavage  (arrow) .  A 
light  oxide  is  visible. 
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MaatKEMi. 


Incxjjiel  600 
AMS  5665  Bar 

TEST  Dam 

TEST  TyPE 
Stress  Pupture 

TEST  CgM)mC»B 

Stress:  103.4  MPa  (15.0  ksi) 

Atmosphere:  Air 

Temperature:  704°C  (1300°F) 

Te^  Directiai:  longitudinal 

TEST  KESUUIS 

Time  to  Ri^jture:  407,5  hours 
Percent  Elongation:  48.4 

Percent  Reduction  of  Area:  74.0 


FAL  92385  MAC:  15X 


Figure  8-29:  Test  results  and  fractograpJiy  of  Inowiel  600  stress  rupture 
test.  The  ftacture  appears  l:eavily  ojddizod  and  is  oriented  at  an  angle  to 
the  stress  axis. 
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FiW  99841  ^  !©G:  200X 


FIGURE  8-30:  Optical  psiotoroicrograph  taken  near  the  center  of  the 
specinen.  Ihe  grains  are  larger  than  in  tlie  tensile  specimens  and,  like  the 
smooth  tejisile  specimens,  exhibit  plastic  deformation.  In  atilition, 
secondary  grain  boundary  separation  is  visible. 


Etdiant;  5%  Nital  electrolytic 
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FAM  98286  MAG:  SOX 


FIGURE  8-31:  Lew  magnification  view  shewing  heavily  oxidized  de^  diirples 
and  voids.  Itie  oxide  ciiarges  under  the  electrcai  beam  giving  the  fracture  a 
bright  aj^iearanoe. 


FIGURE  8-32:  Dimpled  rupture  with  void  coalesceiKje. 
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EAM  98288  MAC:  lOOOX 


FIGURE  8-33;  Oxidized  dinpled  nature  (black  arrow) .  A  void  is  visible  on 
the  right  side  of  the  photograph. 


FAM  98289  MAG:  3000X 

FIGURE  8-34:  Oxidized  duelled  rupture. 
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MjVTTOTAT. 


iTKXjnel  600 
AMS  5665  Bar 


lEST  DM3V 


TEST  TYPE 
Smooth  HCF 


344.7  ME^  (50.0  ksi}/-344.7  MPa  (-50.0  ksi) 
-1 

1800  cpa 
Air 

Rocm  Tenperature 
Ixaigitudinal 


TEST  C3CM)rnCTJS 
Stress: 

Stress  Ratio: 
Frequeixy: 
Atmosfiiere; 
Terrperature: 
Test  Direction: 


TEST  RESULTS 

cycles  to  Fracture:  343,000 


FAL  93956  MAG:  15X 


FIGURE  8-35:  Test  results  and  fractography  of  Inconel  600  room  ten|)erature 
snwoth  HCF  test.  Ihe  fracture  exliibits  fatigue  progcxission  over  90  percent 
of  the  fracture.  Sorne  arrest  marks  (brackets)  are  visible  near  tlie  ei>d  of 
tlie  progression.  Ihe  final  overstress  area  appears  as  a  small  tirumbnail 
(arrow) . 
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FIGURE  8-36;  Cptical  phctonicrogreiphs  shewing  the  fatigue  progression 
(tc|))  end  final  overstress  area  (bottom) .  Ihe  fatigue  progression  is 
tran^ronular  and  propagates  cm  a  plane  perpendicular  to  the  stress  axis. 


Etchant;  5%  Nital  electrolytic 


FIGURE  8-37:  Overall  photograph  of  the  origin  area  and  initial  fatigue 
progression  zone.  The  fracture  propagated  from  a  relatively  localized 
origin  area  but  not  from  a  point  origin.  Features  are  visible  radiating 
from  the  area  (bracket) . 
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EAM  99298 


MAG:  200X 


FIGURE  8-38;  Higher  niagnification  photograph  of  tire  localized  origin  area 
ejdiibiting  feathery  cleavage. 
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FIAM  99300  MAG:  lOOOX 


FIGURE  8-39:  Fatigue  progression  near  the  origin.  Fine  striations  are 
barely  resolvable  on  fatigue  plateaus  (arrows) . 


FAM  99301  3000X 


FIGURE  8-40:  Hic^ier  magnification  photografii  of  the  area  shcA»m  in  Figure 
8-39,  Striaticsis  are  clearly  visible  with  very  fine  striatiais  present  on 
ckdjaoent  plateaus  (arrows) .  striations  are  visible  with  several 
orientations,  indicating  loccil  propagation  in  several  directions. 
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EAM  99302  MAG;  lOOOX 


FIGURE  8-41;  Fatigue  progression  zone  ejdiibiting  inany  changes  of 
progression  plane  (plateaus).  Arrows  indicate  directions  of  local 
progressiai. 


FIGURE  8-42:  Mixture  of  coarser  crack-like  striations  and  very  fine 
striations  in  the  fatigue  progression  zone.  Ihe  direction  of  prc^gation  is 
sliown  by  an  arrow. 
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FM  99304 


MAG:  200X 


FIGURE  8-43:  Final  overstress  area.  No  shear  lip  is  present. 


EAM  99305  MAG:  lOOOX 


FIGURE  8-44:  Diirpled  overstress  in  the  final  overstress  area  shewn  in 
Figure  8-43.  Fine  dinples  are  visible. 
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MaTEKIAL 


Inccjnel  600 
AMS  5665  Bar 

TEST  Dft33V 

TEST  TYPE 
Smocfth  HCF 


TEST  oaromajs 

Stress;  344.7  MPa  (50.0  ksi)/-344.7  MPa  (-50.0  ksi) 

Stress  Patio:  -1 


Frequency; 
AtmoEgphere: 
Teirperature; 
Test  Direction: 


1800  cpn 
Air 

427  C  (800  F) 
longitudinal 


TEST  RESUIIIS 

Cycles  to  Fracture:  1,300,000 


FAL  93955  MAG:  15X 


FIGUPE  8-45:  Test  results  and  fractography  of  Inconel  600  427°C  (800°F) 
sflKXJth  HCF  test.  The  fracture  exhibits  fatigue  progression  over  90  percent 
of  the  fracture.  The  fracture  surface  is  not  as  flat  as  the  room 
tenperature  spec.imen.  Hie  final  overstress  area  appears  as  a  small 
thuiibnail  (arrow) . 


ncOT  8-46:  Optic^  photcmiicrcjgraph  showir^g  transgranular  fracture  paths 

^  initial  progression  areas.  No  discernible  plastic 
deformation  has  occurred. 


Etchant:  5%  Nital  electrolytic 


I 


FAM  99315  MAG:  50X 


FIGURE  8-47;  Overall  photograph  of  the  origin  area  and  initial  progression 
zone.  Uie  fracture  prc^gated  from  a  relatively  localized  origin  area  but 
not  frcKi  a  point  origin,  itaach  like  the  room  tenperature  specimen. 


FIC^JRE  8-48;  Higher  magnification  photograph  of  tlie  localized  origin  area. 
Several  stage  I  fatigue  facets  are  visible  at  the  surface  (arrows) . 
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FfiM  99306  MAG:  lOOOX 


FIGURE  8-49:  Fatigue  progression  near  the  origin.  Fine  striations  are 
barely  resolvable  on  fatigue  plateaus  (arrow  A) .  A  stage  I  fatigue  facet 
is  visible  at  the  bottcm  of  the  photo^ph  (arrow).  No  striatiais  are 
visible  cn  this  facet. 


EAM  99307  MAG:  3000X 


FIGURE  8-50:  Higher  magnificaticm  pliotograph  of  tlie  area  shown  in  Figure 
8-49.  Striations  are  clearly  visible  on  planes  (plateaus)  propagating  frcci 
the  stage  I  facet.  The  directions  of  prx^pagation  on  the  various  plateaus 
are  shown  arrows. 
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Vm  99308  MAG:  lOOOX 


FIGURE  8-51;  Fatigue  progression  zone  exhibiting  many  dianges  of 
progression  planes  (plateaus) .  Fine  striations  are  not  resolvable. 


FAM  99309  MAG:  3000X 


FIGURE  8-52;  Fine  striations  in  the  fatigue  progression  zone.  The  direction 
of  propagation  is  shown  by  an  arrow. 
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FAM  99310 


MAG:  6000X 


FIGURE  a-SI:  Higher  magnification  fdiotograph  of  the  area  shewn  in  Figure 
8-52.  Individual  striations  are  rot  resolv^le. 


FIGURE  8-54:  Final  overstress  area.  No  shear  lip  is  present. 


FAM  99312 


MAG:  lOOOX 


FIG[JRE  8-55;  Mixture  of  dimpled  overstress  and  cleavage  in  the  final 
overstress  area  shown  in  Figure  8-54.  Fine  dimples  are  visible. 
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MMTOTAT. 


Incxsiel  600 
AMS  5665  Bar 


TEST  Eaaai 

TEST  lYFE 
Stnooth  HCF 


TEST  CXM)ITrC»JS 
Stiress: 

Stress  Ratio: 
Frequency: 
Atmosphere: 
Tenf)erature: 
Test  Directicai: 


206.8  MPa  (30.0  ksi)/-206.8  MPa  (-30.0  ksi)  DNF* 

275.8  MPa  (40.0  ksi)/-275.8  MPa  (-40.0  Ksi) 

-1 

1800  cpn 
Air 

704  C  (1300^) 

Lcingituciinal 


TEST  RESUIigS 

Cycles  to  Fracture:  1,900,000  (DNF),  30,500 


*  Did  Not  Fractxire 


FIGURE  8-56:  Test  results  and  fractc^rapiiy  of  Ir^ooiiei  600  704°C  (130o'¥) 
smooth  HCF  test.  Ihe  specimen  exhibits  fatigue  pregression  over  90  percent 
of  the  fracture.  Arrest  cwrks  are  clcsarly  visible  over  the  final  third  of 
the  progression.  The  origin  is  shown  by  arrow  B.  The  fiivil  cverstress 
area  appears  as  a  stoall  thuobnail  (arrow  A) . 
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FAH  99848  MAG:  200X 


FIGCH^  8-57:  Optical  photcinictx3gra|3h  s^howing  tlie  ox'igin  and  ijnitial 
fatigue  pxxxgireission  areas.  Ihe  fracture  propagated  trarvsgramlarly. 
Kuinatxxis  seccsidary  cracks  are  visible  adjacent  to  tiro  primary  fracture 
(arrous) . 

Etchax^t:  51;  Nital  electrolytic 
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FAM  99315 

MAG: 

50X 

FIGURE  8-58:  Overall  photograpli  of  the  origin  area  and  initial  progression 
zone.  Ihe  fracture  prc^gated  from  a  point  origin  (arrow) ,  Features  can  be 
seen  radiating  frcKi  the  origin. 


FAM  993X6  MAG:  200X 


FIC3URE  8-59:  Higher  magnification  pJiotograpli  of  tlie  localized  origin  arxsa. 
Ihe  fracture  app^rs  relatively  flat  near  tl:e  origin.  Conpare  the 
appeara)rV3e  of  tliis  single  origin  with  the  diffuse  origins  on  the  rocan 
tejaperature  and  800  F  speciniens  (Figures  8-37  and  8-47) . 
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FMI  99317  MAG:  lOOOX 


FIGURE  8-60:  Fatigue  progression  near  the  origin.  Fine  striations  are 
barely  resolvable  on  fatigue  plateaus  s^arated  by  st^  (arrow) . 


FAH  99310  MAG:  3000X 


FKSJRE  8-61:  Higher  negnification  photograph  of  the  area  sha-zn  in  Figure 
8-60.  Striations  are  clearly  visible  although  iK>t  individually  resolvable. 
Itie  direction  of  prc^gation  is  sliown  by  an  arrow. 
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ERM  99319  MAG:  lOOOX 


FIGURE  8-62:  Fiatigue  progressicm  zcaie  ejdiibiting  coarser  oxidized  fatigue 
striations. 


FIGtJ]^  8-63:  Higher  jnagnification  of  tiie  area  shown  in  Figure  8-62 
slicwiiig  coarser  oxidized  striations.  1110  direction  of  propagation  is  sliown 
by  a  \^ite  arrow.  Note  that  striations  progress  over  a  step  (black  arrow) 
joining  active  fatigue  progression  plaices. 
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FAM  99321 


mC:  2Q0X 


FiaiRE  8-64:  Oxidized  final  overstress  area. 


FAM  99322  "  ‘  HAiS:  lOOOX 


FIGURE  8-65:  Oxidized  overstress  with  no  intetpretable  featurxas. 


MMERIftL 


Inconel  600 
AMS  5665  Bar 

lEgr  DMA 


TEST  TYPE 
Notciied  HCF 


TEST  OONOmC^S 


Stress: 

Stress  Patio: 
Frequency: 
Atmosphere: 
Tenperature: 
Test  Direction: 


241.3  MPa  (35.0  3tsi)/-241.3  MPa  (-35.0  ksi) 
-1 

1800  cpn 
Air 

Rocmi  Tenperature 
licngitudinal 


TEST  RESULTS 

Cycles  to  Fracture:  179,000 


FAL  93954  HAG;  lOX 


FIQJRE  8-66:  Test  rt2sults  and  fractography  of  Inconel  600  rocsn  tenperature 
notciied  HCF  test.  Ihe  specimen  exhibits  faticjiie  pregression  over  90 
percent  of  the  fracture.  Fatigue  steps  are  visible  at  the  surface  of  the 
specinvy^  indicating  propagation  from  imltiple  origins  (white  arrows) .  The 
final  overstress  area  appears  as  a  small  thumbnail  (black  arrow) . 
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Etdiant:  5%  Nital  electrolytic 
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IM  99323  MAG;  50X 


FIGURE  8-68:  Overall  photograph  of  the  edge  of  the  specimen  and  initial 
progressicai  zone.  The  fracture  prc^gated  frcsn  multiple  origins  s^jarated 
by  st^  (arrows) . 


FAM  99324  MAG:  200X 


FICSJRE  8-69:  Higher  raagnificatioii  pliotograpl:  of  one  localized  origin  area 
(bracket) . 
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FIGURE  8-70;  Fatigue  progressicai  near  the  origin.  No  striations  are 
resolvable. 


FAH  99326  HAG:  3000X 


FiajRE  8-71:  Higher  magnification  photograpli  of  the  area  shown  in  Figure 
8-70.  StriaticHis  are  visible  on  several  plateaus.  Ihe  direction  of 
propagation  is  shown  by  an  arrow. 
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FAM  99327  MAG;  6000X 


FIOJRE  8-72:  Higher  magnification  photograph  shwing  fine  striations  in 
the  area  shos>na  in  Figure  8-71.  Individual  striations  are  barely 
resolvable.  Bracket  contains  10  striations. 


FIGURE  8-73:  Small  parallel  fatigue  plateaus  in  the  fatigue  progression 
zone  (arrows) . 
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FAM  99329 


MAG;  3000X 


FIGURE  8-74;  Hi^er  magnification  jiiotograpii  of  the  as^ea  si^iown  in  Figure 
8-73 ,  Fine  fatigue  striations  are  visible  on  tl;e  plateaus.  The  directicMi  of 
propagation  is  from  bottom  to  top  of  the  photogrc^i. 


FAM  99330  MAG:  200X 


FIGURE  8-75;  Final  ovcrstress  area.  No  sliear  lip  is  present. 


FAM  99331  MAG:  lOOOX 


FIGURE  8-76:  Oxidized  final  overstress  area  exliibiting  dinpled  overstress 
witii  small  patches  of  cleavage. 
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MRTERIAL 


Inconel  600 
AMS  5665  Bar 

TRRT  DATA 


lEST  TYPE 
Notched  HCF 


TEST  aaroinc^s 
Stress: 

Stress  Ratio: 
Frequency: 
Atmosphere: 
Temperature: 
Test  Direction: 


241.3  MPa  (35.0  )<si)/-241.3  MPa  (-35.0  ksi) 
-1 

1800  qpm 
Air 

427  C  (800  E") 

Laigitudinal 


TEST  RESUIITS 

Cycles  to  Fracture:  95,000 


FIGURE  8-77:  IVist  results  and  fractograpJiy  of  Incojiel  600  427  C  (800  F) 
notdiod  HCF  test.  Ihe  ^x^cimen  exhibits  fatigvje  progressicxi  over  80 
percent  of  tiie  fracture.  Fatigue  steps  arc  visible  at  ti\e  surface  of  the 
s{3eciiiftGn  indicating  prqpagaticai  frtsB  rtUltiple  origins.  Ihe  final  overstress 
area  is  indicated  by  arrows. 
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X  a'  '  • 

1  . .  • 

'  NG/TCH  HCF-;  -  -4  ■  V  ;  : 

FftM  99342  MAG:  SOX 


FIGURE  8-79:  Overall  photograph  of  the  edge  of  the  specimen  and  initial 
fatigue  progression  zone.  Ihe  fracture  propagated  frm  multiple  origins 
separated  by  small  st^  (arrows) , 


FAM  99343  MAG;  200X 


FIGURE  8-80:  Higher  magnification  i^otograph  of  one  localized  origiii  area. 
IVra  stage  I  fatigue  facets  are  visible  at  tJ:Q  surface  (arrcws) . 
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EAM  99344  MAG:  lUUUX 


FIGURE  8-81:  Higher  magnification  photograph  of  a  localized  origin.  A  stage 
I  facet  and  initial  progression  near  the  origin  are  visible.  No  striations 
are  visible  on  the  stage  I  fatigue  facet. 


FAM  99345  MAG;  3000X 


FIGURE  8-82:  Richer  magnification  pliotograph  of  the  circa  slicwn  in  Figure 
8-81.  Striations  are  visible  on  several  plateaus,  llio  direction  of 
propagation  is  shown  by  an  arrow. 
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FAM  99346  MAG:  lOOOX 


FIGURE  8-83:  Fatigue  progression  esdiibiting  striations  cai  several 
plateaus.  Ihe  general  directicai  of  propagation  is  frctn  bottcsoa  to  tag  of 
the  photograph. 


FAm"  99347  MAG:  3000X 


FIGURE  8-84:  Higher  inagnification  photograph  of  the  fatigue  striations  in 
tliQ  progression  zone  (Figure  8-83).  Brackets  cxaitain  ten  striatioTS. 
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MaTEKIAL 


iTKXjnel  600 
MS  5665  Bar 


'PFST  DMA 


TEST  lYFE 
Notxiied  HCF 


TEST  CJONDinONS 


Stress: 


Stress  Ratio: 
Frequency: 
Atmo^iiere: 
Tenperature: 
Test  Directicai: 


137.9  MPa  (20.0  ksi)/-137.9  MPa  (-20.0 
206.8  MPa  (30.0  ksi)/-206.8  MPa  (-30.0 
-1 

1800  cpn 
Air 

704°C  (1300°F) 

Ijangitudinal 


ksi)  CNF* 
ksi) 


TEST  RESUUTS 

Cycles  to  Fracture;  2,060,000  (CWF),  30,000 


*  Did  Not  Fracture 


PAL  94244  MAG:  lOX 


FIGURE  8-87:  Ttest  results  and  fractc^piiy  of  Inoojiel  600  704°C  (130o'^'^) 
notched  HCF  test.  Ihe  specimen  exhibits  fatigue  progression  over  85 
percent  of  the  fracture.  Three  large  fatigue  st^as  are  visible  at  the 
surface  of  the  specimen  indicating  propagation  from  multiple  origins.  The 
filial  overstress  area  is  indicated  by  arrows. 
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FAM  100239  MAG:  200X 


FIGUl^E  88:  Optical  photomicrogiiBphs  sliwing  fatigue  progression  area  (top) 
and  final  overstress  area  (bottom).  Coiiipare  the  abearance  of  the  grain 
boundaries  with  those  in  Figure  8~78,  tested  at  BOo't. 


Etchant:  5%  Nital  electrolytic 


FAM  99351  MAG:  SOX 


FIGl^  8-89:  Overall  photograph  of  the  edge  of  the  speciinen  and  initial 
fatigue  progression  zone.  The  frac±ure  propagated  from  multiple  origins 
(arrows  A)  separated  by  large  st^)s  (arrcws  B) .  Features  can  be  seen 
radiating  from  the  origins. 


FAM  99352  MAG:  200X 


FIGURE  8-90:  Higher  nagnification  photograph  of  one  localized  origin  area. 


EftM  99354  MAG:  lOOOX 


FIC3URE  8-91:  Oxidized  features  in  the  origin  area.  Remnant  features 
indicative  of  fatigue  are  visible. 


FAM  99355  MAG:  3000X 


FIGURE  8-92;  Higher  inagnification  photograph  of  the  area  shown  in  Figure 
8-91.  Riotuiant  striations  ate  visible  on  several  plateaus.  Ihe  directiai 
of  propagation  is  shown  by  an  arrow. 
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FAM  99356  MAG:  lOOOX 


FIGURE  8“93 :  Fatigue  progression  ejdiibiting  oxidized  striations  on  several 
plateaus.  Ihe  general  direction  of  propagation  is  from  bottcra  to  tcp  of  the 
photograph. 


FIGURE  8-94;  Higher  itvagnification  pliotograf^  of  the  area  shown  in  Figure 
8-93.  Well  developed  oxidized  fatigue  striations  are  visible  in  the 
progression  zone. 


400 


nojRE  8-95:  Final  overstress  area  ejdiibiting  no  shear  lip. 


FAM  99360  MAG:  lOOOX 


FIGURE  8-96;  Final  overstress  area  ejdiibiting  a  mixture  of  oxidized 
diiipled  overstress  and  cleavage  features. 


401 


MA3ERIAL 


Incxjnel  600 
AMS  5665  Bar 


TEST  DMA 


TEST  TOFE 
Smooth  I£F 


TEST  CXMJrnOJS 
Stress: 

Stress  Ratio: 
Frequency: 
Atmosphere: 
Ttertperature: 
Test  Direction: 


448  MPa  (65  3csi)/-  448  MPa  (-65  ksi) 
-1 

10  cpm 
Air 

427  C  (800  F) 

Longitudineil 


TEST  RESUITS 

Cycles  to  Fracture:  1395 


FAL  94241  MAG:  13X 


FIGURE  8-97:  Test  results  aixJ  fractography  of  Inoonel  600  427®C  (800  F) 
smooth  DCF  test.  T!ie  fracture  propagated  on  several  plai^  (plateaus) .  A 
small  thumbnail  perpendicular  to  tioe  stress  axis  is  visible  at  the  origin 
(arrcw) . 
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FAM  100247 


HAG;  lOOX 


FIGURE  8-98:  Optical  photomicrxsgraphs  EJic»;ing  tiie  fatigue  progression  area 
(top)  and  the  final  overstress  area  (bottciu) .  Heavy  strain  lines  are 
visible  in  the  fatigue  area  (arrows)  witli  fewer  strain  lines  present  in  the 
overstress.  These  are  produced  by  slip  as  the  stress  is  cycled  above  and 
below  the  yield  point.  Figure  8-46  exhibits  no  strain  lines  because  HCF 
loading  does  tiot  surpass  the  yield  poiirt. 

Etchant:  5%  Nital  electrolytic 
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FIGURE  8-99:  Overall  photograph  of  the  origin  area  ejdiibiting  a  thuithnail. 
TWO  local  origins  are  visible  (arrows)  with  features  radiating  frcw  them. 


99360  HAG:  200X 


FIGUI62  8-lOOt  Higher  cagnification  pliotograpli  of  «>©  local  origin  area.  A 
stage  I  fatigue  facet  is  visible  at  tlva  surface  (anew) .  Featliery  cleavage 
features  radiate  frcm  tlie  origin. 
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EAM  99361  MAG;  lOOOX 


FIQJRE  8-101;  Hi^er  iragrdfication  photograph  of  the  origin  area 
ejMbiting  a  stage  I  fatigue  facet  at  the  surface.  Striations  and  patches 
of  feathery  cleavage  are  visible  adjacent  to  the  stage  I  facet.  No 
striations  are  visible  on  the  facet. 


FM  99363  MAG;  3000X 


FIGURE  8-102;  Higher  magnification  photograph  of  tlie  area  shown  in  Figure 
8-101.  Coarse  striations  are  visible  superiitposed  on  fine  feathery 
cleavage. 
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FIGURE  8-103;  Fatigue  progression  zone  in  the  thumbnail  area  exhibiting 
snany  changes  of  progression  planes  (plateaus)  and  feathery  type  cleavage. 


FAM  99365  MAG:  3000X 


FIQJRE  8-104;  Fatigue  striations  in  tlie  area  slicwn  in  Figure  8-103. 
Individual  striations  are  barely  resolvable.  Bracket  contains  ben 
striations. 


FM  99367  MAG;  lOOOX 


FIGURE  8-105;  Fatigue  progression  near  the  center  of  the  ^jecimen.  Ihe 
features  are  coarser  then  those  .in  the  thumbnail  area. 


FAM  99368  MAG;  3000X 


FIGURE  8-106:  Higlier  magnificatioji  pliotograjd;  of  the  area  shewn  in  Figure 
8-105  showii^g  remnant  striations  (arrew  A)  and  crack-lika  striaticais  (arrow 
B). 
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FIGURE  8-108;  Mixture  of  dii’ipled  overstress  and  cleavage  in  the  finad 
overstress  area  shown  in  Figure  8-107.  Fine  dinples  are  visible. 
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MATTOTAT. 


Incxxiel  600 
AMS  5665  Bar 


TEST  DAHAl 


TEST  TyFE 
Smooth  liZF 


TEST  CXM)m(»IS 

Stress;  345  MPa  (50  ksi)/-  345  ME^  (-  50  ksi) 

Stress  Ratio:  -1 


Frequency; 
Atmosphere; 
Tenperature: 
Test  Direction: 


10  cpn 
Air 

704°C  (1300  F) 
Longitudinal 


TEST  RESUIilS 

cycles  to  Fracture:  648 


FAL  94243  MAG:  lOX 


FIGURE  8-109:  Test  results  and  fractography  of  Inccsiel  600  704°C  (1300°F) 
smooth  ICF  test.  Ihe  fracture  prcpagated  on  several  planes.  Ihe  fatigue 
progressed  frcm  multiple  surface  origins  separated  by  steps  (arrows) .  The 
extent  of  the  fatigue  is  showti  by  brackets. 
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EAM  100242  MAG:  lOQX 


FAM  100243  MAG:  lOOX 


FIGURE  8-110;  Optical  photomicnDgraphs  showing  the  primary  fracture 
surface  (tap)  and  several  seowidary  cracks  along  the  gage  section  (arrows, 
bottom) .  'Cte  fracture  path  appears  to  be  more  intergranuleur  than  the  lower 
temperature  fracture  (Figure  8-98). 


Etchant:  5%  Mital  electrolytic 
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FIGURE  8-111;  Overall  photograph  of  the  origin  area  and  initial  fatigue 
prcpagaticxi  zone.  Several  localized  origins  separated  by  st^)s  are 
visible.  Bie  origins  are  indicated  by  arrows. 
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PAM  99373  MAG;  200X 

FIGURE  8-112;  Higher  magnification  photograph  of  one  localized  origin 
area. 
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FAM  99374  MAG:  lOOOX 


FIGURE^  8-113:  Oxidized  fatigue  features  near  the  origin.  Rp^mant 
striations  are  visible  indicating  prcpagation  frcsn  bottcari  to  tcp  of 
photograph. 


FAM  99375  MAG:  3000X 


FIOJRE  8-114:  Higher  magnification  photograph  of  tije  area  shown  in  Figure 
8-113.  Coarse  oxidized  striations  are  visible. 
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FIGURE  8-115;  Fatigue  progression  zone  exhibiting  oxidized  riannant  fatigue 
the  features  (arrows) . 
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MAG:  200X 


FIGURE  8-116:  Final  overstress  area  esdiibiting  no  ^ear  lip. 


FAM  99379  MAG:  3000X 


FIGJJRE  8“118:  Higher  magnification  photograph  of  the  area  shown  in  Figure 
8-117  showing  fine  oxidized  dimpled  overstress. 
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WATRRTAT. 


Incjonel  600 
AMS  5665  Bar 


TEST  DftaA 


TEST  TyFE 

In-Hiase/Out-of-Hiase  TMF 


TEST  cxaroincws 

Stress:  345  MPa  (50  ksi)/-  345  MPa  (-  50  ksi) 

Stress  Ratio:  -1 


Frequency: 
Atmosphere: 
Teirperature: 
Test  Direction: 


10  cpm 
Air 

704  C  (1300  F) 
longitudinal 


TEST  RESUDIS 

cycles  to  Fracture:  648 


FIGURE  8-119;  Test  results  and  fractography  of  Inconel  600  704°C  (1300°F) 
In-phase  TMF  test.  Ihe  fracture  occurred  by  overstress  after  the  stress 
was  increased.  No  TMF  fracture  surface  was  produced  for  the  out-of-phase 
^lecimen  either. 
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FAM  100244  MAG;  200X 


FIGURE  8-120;  Optical  photottiicrcsgraph  showing  the  microstructure  adjacent 
to  the  fracture. 

Etchant;  5%  Nital  electrolytic 
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FIGORE  8-121:  Overall  photogra^  of  the  fracture  surfacse  shcwiiig  tensile 
overstress  features  with  no  fatigue  present. 


SERVICE  fAnURE 


ERACIURE  MDCE  Liquid  Metal  EnibrittleiT>ent _ _ 

PART  NAME  Number  One  Oil  Pressure  Tube  Assembly _ 

OPERATION  DATA  The  tube  operated  in  a  field  emijTe  under  st~i=>ndard 

conditions  in  which  it  is  subjected  to  moderate  loads 
at  low  teanroeratures. _ _ 

PART  TIME _ 49.1  hours _ 


REQUIRED  ACIUAL 

BASE  _  Inconel  600 _ _  Oonfirmed 

MAT'L 

C(IHER_  Braze;  AMS  4765  fsilver~base) -  Confirmed 

HARDNESS _  No  Requirement _ _  HRB  82-91  * 

GRAIN  SI^ _  No  Requirement _ _  ASTM  4~6 

DIMENSIONAL  _  Mall  thickness;  0.025-0.030  inch - 0.030-0.031  inch 

*  Diamond  pyramid  hardiness  (DEH)  oonver3iot\5. 


SUMMARY;  Transverse  cracking  of  the  number  c»ts  bearing  oil  pressure  tube 
was  the  result  of  liquid  metal  adarittlonent  by  silver  braze. 
erbrittlement  probably  occurred  during  manufacture  vben  the  braze  joint  was 
overheated,  allowing  the  braze  metal  to  penetrate  the  grain  boundaries  and 
reduce  their  strength.  Ihe  part  should  not  see  the  tenperatures  required 
for  braze  melting  to  occur  in  service.  No  other  material  or 
microstriK^ural  ancxnalics  were  found  in  the  base  metal. 
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FIGURE  8-123:  Overall  view  of  the  end 
pressure  tube  cxantaining  the  ca:ack 
(arrow) .  The  tube  has  been  sectioned 
for  examination. 
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FIGURE  8-124;  Close-^.:^  of  the  of 
crack  adjacent  to  a  braze  joint. 
Residual  silver  braze  is  visible 
surroundinq  tt^  crack. 
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MAG;  lOX 


FAL  93463 


MAG:  500X 


FIGURE  8-125;  Overall  photograph  of 
tlie  c|)ened  crack  surface  (arrows) . 


FIGURE  8-126;  Ductile  overstress 
diirples.  The  fracture  generally 
appeared  to  be  intergranular. 
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EftL  93467 


FIGURE  8-127;  SEM  {^lotiograph  and  associated  XES  elemental  map  shewing  the 
ocaioentration  of  silver  on  the  qpaied  crack  surface  and  penetrating  into 
the  other  grain  boundaries.  The  light  areas  on  the  X-ray  map  indicate 
ooToentrations  of  silver. 
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SERVICE  FMIIJRE 


FEACIURE  MXE  Intergranular  Overstress  Qiauid  metal  anbrittlement) 

PART  NAME _ E?dia\jst  Duct  Pressure  Probe  Rake _ 

OIERATION  DftTA  Ihe  part  operates  as  a  pressure  prcfce  inserted  into 
the  turbine  exhaust  path.  It  is  subjected  to  static 
as  well  as  cyclic  loading. _ 

PART  TIME  37  hours _ 


REQUIRED 


ACTUAL 


BASE _ Inconel  600 _ _  confinned 

MAT'L 


OIHER_  Braze:  54Acf-40Cu-5Zn-lNi  -  confirmed 

HARDNESS _ j  Base:  HB  134-241 _ _  HB  161-194  * 

GRAIN  SIZE _ No  Requirement - - ASTM  3-4 _ 

DIMENSKmL  _  Shell  thickness:  0.025-0.035  inch - 0.031-0.036  inch 


*  Diamcsid  pyramid  hardi-iess  (DFH)  conversions. 


SUMMARY:  Hie  fracture  adjacent  to  the  first  (outboard)  hypo-tube  and  the 
crack  adjacent  to  the  second  hypo-tube  were  the  result  of  liquid  metal 
Qifcrittlement  (stress  alloying) .  This  resulted  vAien  the  silver  base  braze 
used  to  join  the  hypo-tubes  to  the  shell  melted.  The  liqpiid  silver  alloy 
penetrated  along  the  grain  boundaries  of  the  Inconel  600  causing  them  to 
beocsne  weak  and  crack.  It  could  not  be  determined  whether  the 
embrittlement  occurred  during  manufacturing  or  was  due  to  engine  c^ieration. 
The  estimated  gas  path  tenpeiature  in  this  area  was  determined  to  a^^iroach 
tlie  temperature  req^iired  to  remelt  the  braze. 


421 


FKL  89206 


MRG;  3/4X 


FAL  89209 


MAG:  4X 


FIGURE  8-128:  Overall  photograph  of  the  FIGURE  8-129:  Close-vp  photogr^ii 
pressure  probe  rake  shewing  the  fracture  of  the  fracture  surface.  The 
adjacent  to  the  first  hypo-tube  and  a  extent  of  the  coddation  indicates 
crack  at  the  second  hypo-tube  (arrow) .  that  the  fracture  started  at  the 

forward  side  (arrow 


.vw._ 
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FIGURE  8-130:  SEM  photo^ph  of  the 
c^jened  crack  surface  adjacent  to  the 
second  hypo-tube. 


FIGURE  8-131:  Higher  magnification 
photograph  shewing  the 
intergranular  nature  of  the  crack. 


FIGURE  8-132:  Intergranular  fracture 
with  residual  silver-rich  braze  on  the 
fracture  surface  (arrow) . 


FIGURE  8-134:  SEM  photograph  of  a 
inetallographic  section  thrwgh  the 
opened  crack  surface  showing  a  layer 
of  silver  at  the  grain  boundaries. 


FAL  93332  Iffifi:  lOOOX 


FIGURE  8-133:  Intergranular 
fracture  with  grain  boundary 
s^aration. 
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FIGURE  8-135:  SEf^XES  elemental 
map  showing  silver  braze  on  the 
crack  surface  and  penetrating 
the  grain  boundaries  (eirrow) . 


423 


Inconel  X-750 


Material  Description 

Inconel  X-750  is  a  precipitation  hardenable  corrosion  and  heat 
resistant  nicJoel-chroaium  alloy.  Ihe  alley  is  strengthened  by 
precipitation  of  a  nicicel-aluminum-titanium  phase  Ni_(Ti,  Al).  The  alloy 
is  primarily  used  in  parts  requiring  hi^  strength  at  tenperatures  tp  to 
1100  F  such  as  bolts  and  turbine  rotors,  ^thou^  roost  of  the  effect  of 
precipitation  hardening  is  lost  above  13^0  F  the  alloy  roaintedns  usable 
strength  and  oxidatioi  resistance  to  1800  F. 

The  material  used  in  this  study  was  heat  treated  to  AMS  5667  with  a 
re<jiired  hardness  of  EHN  302-363.  The  t^ical  room  teaperature  mechanical 
properties  for  AMS  5667  are  as  follows; 


Ultimate  Tensile  Strength  (min) :  165  ksi 

0.2%  Yi^d  Strength  (min);  105  ksi 

Percent  Elongation  (min) ;  20% 

Percent  Reductioi  in  Area  (min) ;  15% 

Required _ Measured 

ASTM  Grain  Size:  -  15.5 

Measured  Hardness;  BHN  305-344  (HRC  conversion) 


.atSSsSTsGJtJb 


f  Overview 


All  four  Inoaiel  X-750  tensile  specimens  exhibited  similar  features  in 
the  primary  fracture  areas.  They  were  all  primarily  duipled  overstress 
with  sli^tly  different  degrees  of  intergranular  and  quasi-cleavage 
features.  The  smooth  specimens  had  a  more  ductile  appearEunoe,  with  the 
1100  F  ^»cimen  exhibiting  the  lowest  percentage  of  quasi-cleavage 
features.  This  qpeclroen  also  had  the  largest  shear  lip,  0.045  inch, 
oonpared  to  0.037  inch  for  the  smooth  room  teirpera^ure  ^)ecimen  and  0.004 
and  0.006  inch  for  the  room  tenperature  and  HOOT  notched  specimens, 
respectively.  Fine  shear  diuples  were  present  on  the  smooth  ^)ecimen  shear 
lips.  The  stress  n:pture  specimen  exhibited  oxidized  coarse  dlisplod 
rupture  with  a  moderate  0.023  inch  shear  lip.  No  intergranular  or  cleavage 
features  were  observed. 

Six  HCF  spet^imens  were  ^sted;  three  each  notched  and  smooth  at  room 
tewperature,  800  F  and  1100  F.  The  smooth  room  tenperature  specimen 
exhibited  a  single  local  origin  with  a  Stage  I  facet  at  the  ^)ecimen 
surface.  The  features  adjacent  to  the  origin  weire  a  mixture  of  fiyjie 
feathery  ciLeavage  and  larger  plateaus  containing  striations.  The  800  F  and 
1100  F  ^)ecimens  propagate  from  multiple  origins  located  along  a  small  arc 
along  the  surface.  Multiple  Stage  I  facets  at  the  surfacse  were  followed  hy 
cleavage  and  feathery  cleavage  along  with  plateaus  ccxitaining  striations 
near  the  origin.  Both  of  these  specimens  had  a  larger  percentage  of 
cleavage  features  than  the  room  tenixnrature  ^lecimen.  The  room  tooaperature 
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specimen  exhibited  well  developed  ^striations  in  the  Stage  II  fatigue 
propagation  area.  Neither  the  800  F  nor  the  1000  F  specimens  had  clearly 
resolvable  striaticns.  Both  exhibited  a  mixture  of  quasi-cleavage  with 
smooth  patches  of  vhat  appeared  to  be  cleavage.  Ihese  patches  may  ccxitain 
striations  that  are  not  resolvable  in  the  SEM.  Macrosocpically  the  room 
benperature  ^)ecimen  had  a  clearly  defined  fatigue  progression  extending 
over  75%  of  tte  ^)eciraen  cross  section.  Neither  of  the  elevated 
tenperatxire  i^jecimens  had  visible  fatigue  progression.  Final  overstress  in 
all  three  ^jecimens  exhibited  dirpled  overstress  and  quasi-cleavage. 

Macrosoopiccilly,  the  three  notched  ^jecimens  speared  s^lar.  Ihe 
cxily  clear  difference  was  that  the  room  tenperature  and  1100  F  ^lecimens 
progagated  from  multiple  surface  origins  separated  by  st^)s,  vMle  the 
800  F  specimen  had  a  single  localized  origin  area.  All  three  ^lecimens  had 
fatigue  progression  through  greater  than  75%  of  the  cross  section  with 
shear  lips  visible  ^  the  overstress  areas.  The  origin  areas  ai  the  room 
testperature  and  800  F  ^)ecimens  ediibited  several  Stage  I  facets  in  a  very 
localized  area  at  the  surface^  followed  by  an  area  containing  multiple 
cleavage  facets  at  various  angles  to  the  stress  axis.  As  the  fatigue  crack 
progressed  patches  of  fine  striations  s^>arated  by  quasi-cleavage  and  then 
coarser  wall  develc^d  striaticxis  covering  the  entire  field  of  view  were 
observed.  The  1100  F  specimen  had  smoother  origins  esdiibiting  feathery 
cleavage.  Clear  striations  covered  the  surface  very  close  to  the  origins 
with  coarser  poorly  defined  striations  and  crack-like  striations  near  the 
center  of  the  ^jecimen. 

The  two  I£F  ^)ecimens  (800  F  and  1100  F)  exhibited  markeci^  different 
^pearanoes  both  macrosoopically  and  microscqpically.  The  800  F  specimen 
had  a  single  surface  origin  at  a  titanium-rich  inclusion.  Hie  fatigue 
origin  area  ejdilbited  a  faceted  appearance  with  no  striations  visible.  The 
fatigue  propagated  on  a  plane  perpendicular  to  the  stress  axis  with  well 
developed  striations  towards  the  end  of  the  Stage  II  area.^  Final 
overstress  occurred  cai  an  angle  to  the  stress  axis^  The  1100  F  ^jecimen 
had  tWD  oxidized  fatigue  progression  thumbnails  180  apart.  Both  areas  had 
single  surface  origins  and  an  oxidized  intergranular  appearance.  Oxidized 
fatigue  striations  were  visible  at  high  magnification  on  transgranuleir 
patches  near  the  origin.  Only  remnant  fatigue  features  were  observed  near 
the  ends  of  the  thumbjiails.  Final  overstress  occurred  at  an  cingle  to  the 
stress  axis. 

Both  in-phase  and  out-of-phase  TMF  specimens  propagated  from  multiple 
surface  origins.  The  irj-phase  specimen  had  both  O.D.  and  I.D.  origins 
while  the  cut-of-phase  specimen  had  only  I.D.  origins.  The  appearance  of 
the  in-phase  specimen  was  very  similar  to  the  1100  F  DOF  specimen,  having 
an  oxidized  intergranular  appearance.  No  striations  were  observed.  The 
out-of-phase  ^)ecimen  propagated  from  an  almost  continuous  series  of  I.D. 
surface  origins  separated  by  small  steps.  The  areas  directly  adjacent  to 
the  surface  were  smooth  and  heavily  oxidized.  As  the  fatigue  progressed, 
heavily  oxidized  well  developed  striations  covered  the  fracture.  Fine 
equiaxed  dinples  were  observed  in  the  final  overstress  area. 
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moonel  X-750 
MB  5667  Bar 

TEST  Dam 

TEST  TTOE 
Smooth  Tensile 

TEST  CJONOmONS 

Strain  Rate:  0.005  lan/nn^min  (0.005  ityirv/min) 

Atmo^iiere:  Air 

Teaiparature:  Rocra  Tearperature 

Test  Direction:  Icngitudinal 

TEST  RESUITS 
0.2%  Yield  Strength: 

Ultimate  Strength: 

Percent  Elongation: 

Percent  Reduction  of  Area: 


898.4  MPa  (130,300  PSI) 
1265.9  MPa  (183,600  PSI) 
25.5 
46.1 


EWu  92553  MAG;  12X 


Figure  9-1:  Test  results  arx3  fractography  of  Inconel  X-750  room 
tesiperature  smooth  tensile  test.  The  final  overstress  area  (shear  lip) 
appears  shiny  due  to  smearing.  The  center  of  the  specimen  has  a  granular 
appearance. 
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FIGURE  9-2:  C^ical  photcmicaxigraph  shewing  the  primary  fracture  cirea 
ejdiibiting  a  mixed  transgranular  and  intergranular  fracture  path.  Cartoides 
are  visible  dispersed  threughout  the  microstructure. 


Etchant:  Glyoeregia 
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ERM  98363  MAG:  SOX 


FIGURE  9-3:  Law  magnificaticsi  view  shewing  the  prijnary  fracture  area  near 
the  center  of  the  specimen  and  the  final  fracture  (shear  lip)  alcxig  the 
edge  of  the  ^)ecimen. 


FIOJRE  9-4;  Primary  fracture  area  exhibiting  dinpled  cverstress  with 
sli^t  intergranular  character. 
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FIGURE  9-5;  Fine  equiaxed  dlirples  with  sli^t  intergranular  ^jpearancse. 
Fractured  carbides  are  visible  in  sane  areas  (arrow) . 


PAM  98366  MAG:  3000X 


FIGURE  9-6;  Higter  magnification  pliotograj^  of  the  area  shown  in  Figure 
9-4  showing  fine  equiaxed  dinples  and  fractured  Ccu±>ides. 
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FIGURE  9-7;  Final  overstress  area  (shear  lip) . 
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FIGURE  9-8;  Higher  mgnification  view  of  the  final  overstress  area  (sheaur 
lip)  shewing  fine  smeared  shear  dinples.  Uie  directions  of  relative  notion 
is  shown  by  arrows. 
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MATTOTAT. 


Irxxinel  X-750 
MS  5667  Bar 


TEST  I»3A 


TEST  TYPE 
smooth  Tensile 


TEST  OONDinONS 
Strain  Rate: 
Atmo^iiere: 
Teitperatxire: 
Test  Direc±iai: 


0.005  it^'raitvOmn 
Air 

593  C  (1100°F) 
Longitudinal 


(0.005  nViiymin) 


TEST  RESULTS 
0.2%  Yield  Strength: 
Ultimate  Strength: 

Percent  Eloigation: 
Percent  Reductiai  of  Area: 


768.1  MPa  (111,400  PSI) 
1125.9  MPa  (163,300  PSI) 
20.0 

37.1 


FAL  92552  MAG:  lOX 


FIGURE  9“9:  Test  results  and  fractography  of  Inconel  X-750  593°C  (llOO^F) 
smooth  tensile  test.  The  sliear  lip  (bracket)  is  larger  but  not  as  clearly 
defined  as  on  the  room  tatperature  specimen  (Figure  9-1) . 
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FIcaJRE  9-10;  Optical  pliotcsnicrograph  showing  tlie  priitiary  fracture  area, 
exhibiting  a  predominantly  transgu-anular  fracture  patii.  carbides  and  voids 
are  visible  in  the  microstructure. 

Etchant:  Glyceregia 
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FAM  98369  MAG;  SOX 


FIGURE  9-11:  Overall  view  showing  the  primary  fracture  in  the  cienter  of 
the  specimen  and  a  small  area  of  final  overstress  (shear  lip)  along  the 
ecJge  of  the  specimen. 


FIGt®E  9-12;  Dimpled  oversti’ess  in  the  primary  fracture  area. 
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FIGURE  9--13;  Fine  equiaxed  dinples  in  the  primary  fracture  area.  A 
fractured  carbide  is  visible  (arrcw) . 


FAM  98372  HAG:  3000X 


FIGURE  9-14:  Higher  magnification  photograph  of  the  area  slicwn  in  Figure 
9-13,  allowing  fine  equiaxed  diitplcs  in  tlia  primary  fracture  area. 
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FIGURE  9-15:  Fine  smeared  shear  dimples  in  the  final  averstress  (shear 
lip)  area. 


FAM  98375  MAG;  3000X 


FIGURE  9-16:  Higher  magnification  photograpli  of  the  area  shown  in  Figure 
9-15,  siiowing  fine  shear  dimples. 
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MftJtKtaL 

Inoonel  X-750 
AMS  5667  Bar 

TRgr  nATA 

TEST  TyPE 
Notched  Tensile 

TEST  cxa^rnojs 

Crosshead  Speed;  1.27  nnn/niin  (0.05  iiymin) 

Atroo^here:  Air 

Tenperature;  Room  Itenperature 

Test  Direction:  longitudinal 

TEST  RESULTS 

Ultimate  Strength:  1605.1  MPa  (232,800  PSI) 


FAL  92551  M?\G;  lOX 


FIGURE  9r-17;  Test  results  and  fractography  of  Inconel  X-750  room 
tenperature  notched  tensile  test.  A  very  small  discontinuous  sliear  lip  is 
visible  (arrows)  cdong  the  edge  of  the  specimen. 


KftM  99830 


MAG;  20bx 

nOJRE  9-18;  Optical  photamicrcgraph  sliowing  the  primary  fracture  area  on 
the  left  side  of  the  photograph  and  the  final  overstress  area  at  the  base 
of  the  notch  on  the  right  si^  of  the  photograph  (arrow) .  Hie  fracture 
propagated  iti  both  transgranular  and  intergranular  modes.  Ihe  grains  in 
the  final  overstress  area  exhibit  some  plastic  deformation. 

Etchant;  Glyoeregia 
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KOTCH:  T'EMS  I  LE  ;  R-.  ‘T 


FAM  98351  HAG:  SOX 

FIGURE  9-19;  lew  magnification  view  shewing  a  very  small  final  overstress 
area  (^lear  lip) .  The  extent  of  the  shear  lip  is  shown  by  brackets.  The 
remainder  of  the  fracture  ejdiibits  a  mixture  of  transgranular  and 
intergranular  features. 


FAM  93355  MAG:  200X 


FIGURE  9-20;  Higher  magnification  photograph  including  the  shear  lip  area. 
The  primary  fracture  has  a  slightly  intergranular  aj^iearai-ioe. 
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FIGURE  9-21:  Diitpled  overstress  in  the  primary  frac±ure  area. 
fracture  has  a  mixed  intergranular/transgranular  aj^jearanoe.  Fractured 
carbides  are  visible  (arrcws) . 


FIGURE  9-22:  Higher  magnification  photo^ph  of  the  area  shewn  in  Figure 
9—21#  showing  eguiaxed  diitples  in  the  primary  fracture  area. 
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WOIRIM. 


Incxxiel  X-750 
A^e  5667  Bar 


TEST  DKm 


TEST  TTOE 
Notched  Tensile 

TEST  (marncNs 

Crosshead  S|peed:1.27  (0.05  iVinin) 

Atmo^here;  Air 

Teroperature;  593°c  (1100°F) 

Test  Direction:  longitudinal 

TEST  RESUnrS 

Ultimate  StrerKjth:  1378.9  MBa  (200,000  PSI) 


FAL  92550  MAG:  lOX 


FIGURE  9-23:  Test  results  and  fractography  of  IiKsonel  X-750  593°C  (1100°F) 
notched  tensile  test.  A  disocaitinuous  narrow  shear  lip  is  visible  along 
the  surface  (arrcws) .  The  specimen  appears  oxidized. 


440 


MAG:  200X 


FAM  99828 

FIGURE  9-24:  Optical  ptiotosnicaxjgrajph  showing  the  priiflary  fracture  area  on 
the  left  side  of  the  :^otograph  and  the  final  overstress  area  (shear  lip) 
at  the  base  of  the  notdi  (arrow)  on  the  right  side  of  the  photograph.  Hie 
fracture  propagated  predominantly  in  an  intergiranu].ar  mode.  grains  in 
the  final  overstress  area  exhibit  sc«ne  plastic  deformation. 


Etdiant:  Glyceregia 


EfiM  98357  MRG:  50X 


FIGURE  9-25;  Lew  magnification  view  dewing  primary  overstress  area  and  a 
very  sitall  final  overstress  area  (shear  lip)  along  the  outside  surface  of 
the  ^aecimen  (bracket) . 


FAM  98361  !MAG:  200X 


FIGJRE  9-26:  Small  final  overstress  area  (shear  lip)  along  the  outside 
surface.  The  shear  lip  was  not  present  in  all  areas  Ixit  its  size  varied. 
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FM  98358  MAG:  200X 


FIGURE  9-27:  Equiaxed  diiipled  overstress  in  the  primary  fracture  area. 
The  fracture  has  a  sli^tly  intergranular  af^jearanoe. 


FIGURE  9-28:  Mixed.mode  overstress  e}diibiting  equiaxed  dinpled  overstress 
and  small  cleavage  features  in  the  primary  fracture  area.  Secondary  grain 
boundary  separation  is  visible  (tinxw) , 
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EAM  98360 


MAG:  3000X 


FIGURE  9-29;  magnification  photograph  showir^  dinples  and  fine 

cleavage  features  near  the  center  of  the  ^)eciinen. 


MA^3iyTATi 


Incxaiel  X-750 
AMS  5667  Bar 

TEgr  DMCA 

TEST  TYFE 
Stress  Ri^>ture 

TEST  CXM)ITI(»IS 

Stress:  723,9  MBa  (105.0  ksi) 

Atino^)here:  Air 

Tenperature:  593°C  (1100°F) 

Test  Direction:  Langitudinal 

TEST  RESUIJS 

Time  to  Fracture:  3.9  hours 


FAL  93826 


MAG:  13X 


FIGURE  9-30:  'Jtest  results  and  fractography  of  Inconel  X-750  593°C  (1100°F) 
stress  rupture  test.  The  fracture  eadiibits  a  sliear  lip  (arrows)  with 
coarse  oxidized  features  in  the  center  of  the  specunen. 
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RVM  99861  HAG:  200X 


FIGURE  9-31:  Optical  pixotafiicrograph  shcwir>g  the  primary  fracture  area 
near  the  center  of  the  specinen.  Substantial  grain  boundary  separation  has 
ocoirred  throughout  the  roatrix  (arrcws) . 

Etchant:  Glyoeregia 
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EAM  99175  MAG;  20X 


FIGURE  9-32;  low  magnification  view  shewing  deep  features  in  the  primary 
nature  area  and  a  large  final  overstress  area  (shear  lip)  alcjng  the 
outside  surface  of  ti^  specimen  (brackets). 


FIGUKS  9-33:  Large  final  overstress  area  (shear  lip)  along  the  outside 
surface.  The  shear  lip  was  present  iii  all  areas  bat  size  and  direction  (up 


or  down)  varied. 
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FfiM  99177  MAG;  200X 


FIGURE  9-34;  Oxidised  dimpled  rvpture  with  void  coalescence  in  the  primary 
fracture  area. 


FIGURE  9-35:  Higher  magjiification  photograpli  of  the  area  in  Figure  9-34, 
showing  cxDarse  dinpled  rupture  with  areas  of  void  coalescence.  The  entire 
fracture  surface  is  cxwerad  by  a  light  oxide.  Deep  voids  are  shown  by 
onxMs. 
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FM  99179 


MAG!:  3000X 


FIGURE  9-36;  magnificaticai  photograph  showing  ccarse  coddized  diicples 

with  some  finer  dinples  in  between. 


FAM  99180  MAG:  200X 

FIGURE  9-37;  Final  overstress  area  along  tlie  edge  of  the  specimen. 
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EftM  99181  M?y3:  lOOOX 


FIGURE  9-38:  Mixture  of  fine  equiaxed  dirtples  (arrow  A)  and  shear 
(arrw  B)  in  the  final  overstress  area. 
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WVTKRIAT. 

Irx3onel  X-750 
AMS  5667  Bar 

ngyr  reym 

TEST  TYPE 
Smooth  HCF 


TEST  aM)ITIC»JS 
Stress; 


Stress  Ratio: 
Frequency: 
Atino^)here: 
Temperature: 
Test  Direction: 


413.7  MBa  (60.0  ksi)/ 

482.6  MPa  (70.0  ksi)/ 

551.6  MPa  (80.0  ksi)/ 
-1 

1800  cpn 
Air 

Room  Teirperature 
longitudinal 


-413.7  MBa 
-482.6  MBa 
-551.6  MBa 


(-60.0  ksi) 
(-70.0  ksi) 
(-80.0  ksi) 


ENF* 

CNF 


TEST  RESUDTS  r  ^5  5 

Cycles  to  Fracture:  1.84X10  (DNF);  5.5X10^  (CNF);  2.3X10 


*  Did  Not  Fracture 


FAL  93832  HAG:  15X 


FIGURE  9-39:  Test  results  and  fractography  of  lnoo)>el  X-750  room 
temperature  sirooth  HCF  test.  Hie  fatigue  progression  area  extends  over  75% 
of  the  specimen  from  an  origin  area  near  the  bottom  of  the  photograph 
(arrow) .  The  final  overstress  area  appears  as  a  thumbjiail  at  the  top  of 
the  photograph. 
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EAM  100205  MAG:  lOOX 


FIOIRE  9-40:  Optical  photcmicaxsgraph  showii-ig  a  closG-cp  of  the  fatigue 
ptiogression  area.  No  grain  deformation  is  visible  adjacent  to  the 
fracture.  Fracture  path  is  transgranular. 

Etdiant:  Glyceregia 
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FAM  99121  MAG:  50X 


FIGURE  9-41;  Overall  photograph  shaving  the  origin  area  (arrow)  aixi 
fatigue  progression  cai  a  plane  a^iroxiMately  perpendicular  to  the  stress 
axis. 


FAM  99122  HAG:  200X 


FIGURE  9-42;  Higher  magnificaticai  photograpli  of  the  origin  area  shewn  in 
Figure  9-41,  A  stage  I  fatigue  facet  is  visible  at  the  localized  origin 
(arrow) . 
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FM  99123  MAG:  lOOOX 


FIGURE  9-43:  Stage  I  fatigue  facet  at  the  Icxalized  origin  (see  Figure 
9-42) .  No  defends  are  visible. 


PAH  99124  HAG;  lOOOX 


FIGURE  9-44:  Hiotograijli  tiliuwii>g  cleavage  features  near  the  origin.  No 
striations  are  visible. 
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EAM  99125  MAG;  lOOOX 


FIGURE  9-45:  Fatigue  striations  near  the  end  of  the  fatigue  progression 
area.  Ihe  direction  of  prcpagaticai  is  from  bottom  to  tc^  of  the 
photograph. 


FAM  99126  HAG:  3000X 


FIGURE  9-4S;  Higher  nagnificatioji  pliotograpli  of  the  area  shewn  in  Figure 
9-45,  showing  fatigue  striations  near  tlie  center  of  the  spechnen  in  tlia 
fatigue  progression  area. 


FAM  99127  MAG;  200X 


FIGURE  9-47:  Diupled  overstress  in  the  final  fracture  area. 


FIGURE  9-48:  Fine  dinpled  overstress  witli  coarse  features  in  the  fitul 
fracture  area.  Cracked  carbides  are  visible  in  several  locations  (arrow) . 
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WVTKRTAT. 


Incxanel  X-750 
AMS  5667  Bar 

TEST  DMA 

TEST  TypE 
Snooth  HCF 

TEST  CXM)ITICTIS 

Stress;  517.1  MPa  {75.0  ksi)/  -517.1  MPa  (-75.0  ksi)  EKF* 

586.1  MI^  (85.0  ksi)/  -586.1  MPa  (-85.0  ksi)  ENF 
655.0  MPa  (95.0  ksi)/  -655.0  MPa  (-95.0  ksi) 
Stress  Patio;  -1 
Frequency;  1800  cpa 

Atmo^iiere:  Air 

Temperature;  427°C  (800°F) 

Test  Direction;  Laigitudinal 

TEST  RESUITS 

cycles  to  Fracture;  4.2X10^  (CNF);  2.3X10^  (CNF);  4.05X10^^ 

*  Did  Not  Fracture 


FAL  93823  HflG;  15X 


FIGURE  9-49;  Ifest  results  and  fractogtaji^y  of  Inconel  X-750  427°C  (800°F) 
siTiootli  KCF  test.  No  obvious  origin  or  finail  overstress  areas  are 
disoemihle.  Ocnpare  with  tlie  room  tenperature  speciinen  (Figure  9-39) . 


EAM  100199  HAG:  lOOX 


FIGURE  9~50:  Optical  photonicanograph  showing  the  fatigue  progression  area, 
lliis  ^xsciinen  exhibits  more  vciriatioii  in  elevaticai  than  tlie  rocm 
tasperature  specimen  (Figure  9-40), 

Etchant:  Giyceregia 
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FAM  99129  MAG:  SOX 


FIGURE  9-51:  Overall  photograph  sliowing  the  general  origin  area  and 
fatigue  progression  area.  Ihe  fatigue  propagated  froin  Multiple  surface 
origins. 


FIGUI^E  9-52:  Higher  magnificatiw  pliotograph  of  the  origin  area  sficwn  in 
Figure  9-51.  several  Stage  I  fatigue  facets  are  visible  at  the  specuaen 
surface  (arrows) . 
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mi  99131  MAG:  lOOOX 


FIGURE  9-53:  Mixttuce  of  cleavage  and  feathery  cleavage  near  the  origins. 


FAH  99132  MAG:  3000X 


FIGURE  9-54;  Higher  inagnificatioji  photograph  of  the  area  shewn  in  Figure 
9-53) ,  showing  cleavage  fciatures  with  small  patdies  of  fatigue  features 
(arrows)  near  the  origii:. 
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FAM  S9135  MRG;  200X 


FIGIJRE  9-55:  Mixture  of  overstress  and  smear  features  in  the  final 
overstress  area.  A  patch  of  smeared  naterial  is  indicated  by  an  arrow. 


EAM  99136  MRG:  lOOOX 


FIGURE  9-56;  Fine  diwpled  overstress  with  patches  that  have  the  appearance 
of  fine  fatigue  features  (arrow)  in  the  final  overstress  area. 
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MMHUMj 


Inconel  X-750 
AMS  5667  Bar 

TEgr  DMGA 

TEST  lYBE 
Smooth  HCF 


TEST  aM)ITIONS 

Stress;  620.5  MPa  (90.0  ksi)/  -620.5  MPa  (-90.0  ksi) 

Stress  Ratio:  -1 


Frequency; 
Atmo^here; 
Tenpe^ture; 
Test  Directicai; 


1800  cpn 
Air 

593°C  (1100°F) 
Longitudinal 


TEST  RESUUrS 

Cycles  to  Fracture:  205,000 


EAL  93827  mCi  15X 


FIGURE  9-57;  I'est  results  and  fractogr^y  of  Inconel  X-750  593°C  (1100®F) 
smooth  HCF  test.  The  fatigue  progression  area  e^foars  generally  darker 
(more  oxidized)  than  the  final  overstress  area.  An  arrow  indicates  thr 
origin  area.  No  clear  boundary  exists  between  fatigue  and  final  overstress 
areas. 
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FAM  100301 


MAG:  lOOX 


FIGURE  9-58:  Optical  iSiotcinicrograph  showing  a  close-up  of  the  fatigue 
progression  area.  Itiis  ^leciinen  e^diibits  more  variation  in  elevation  than 
either  the  roan  teo|)erature  or  the  800°F  ^jeciinens  (Figures  9-40  and  9-50) . 
The  grain  boundaries  are  less  distinct  and  a  li^t  oxide  is  visible  on  the 
fracture  s>irfaoe  (arrows) . 


Etchant:  Glyoeregia 


EftM  99137  MAG:  50X 


FIGURE  9-59;  Overall  photograph  shewing  the  origin  area  and  the  fatigue 
progression  area.  A  series  of  Stage  I  fatigue  facets  are  visible  at  Ihe 
surface  (arrows). 


EAM  99138  MAG:  200X 


FICSJRE  9-60:  Higher  Magnification  photograph  of  the  origin  area  shown  in 
Figure  9-59.  Several  Stage  I  facets  are  visible  at  the  localized  origins 
(arrows) . 
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FM  99139  MAG:  lOOOX 


FIGURE  9-61:  Fatigue  facets  near  the  origin  area.  No  fatigue  striations 
are  visible  even  at  high  itagnifications. 


FAM  99140  MAG:  lOOOX 


FIGURE  9-62:  Mixture  of  smooth  facets  a:^  overstress  features  near  the 
center  of  the  ^lecimen.  No  fatigue  striations  are  visible. 
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FAM  99141 


MAG;  200X 


FIGURE  9-63;  Mixed  ncde  overstress  in  the  final  frac±ure  area  e^diibiting 
both  cleavage  and  diitpled  overstress. 
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FIGURE  9-64;  Hi^er  inagnification  photograph  of  the  area  shown  in  Figure 
9-63,  shewing  a  mixture  of  cleavage  features  cind  ductile  overstress 
features  in  the  final  fracture  area. 
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MATHCTAL 


Incxxiel  X-750 
AMS  5667  Bar 

TFy?r  DMBk 

TEST  TyPE 
Notched  HCF 

TEST  ocMDina^s 

Stress; 

stress  Ratio; 

Frequency; 

Atmosphere; 

Ten|)erature; 

Test  Direction; 


413.7  MPa  (60.0  ksi)/ 
-1 

1800  cpn 
Air 

Rocm  Tenperature 
Longitudinal 


-413.7  MPa  (-60.0  lisi) 


TEST  RESULTS 

cycles  to  Fracture;  111,000 


FIGURE  9-65;  Test  results  and  fractography  of  Inconel  X-750  rocm 
taxwerature  notch(3d  HCF  test.  Ihe  fatigue  propagated  frra  Multiple  surface 
origSis  shown  at  the  bottom  of  the  photograph.  local  origins  are  separated 
by  fatigue  steps  (ratchet  marks) .  Ihe  extent  of  tlie  fatigue  is  shown  by  a 

bracket. 
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FAM  100232  MAG;  200X 


FIGURE  9-66:  Optical  photcitiicixigraph  shewing  a  close-up  of  the  fatigue 
prxDgression  area.  Ihe  fracture  is  relatively  flat  (predcsninantly 
transgranular)  and  occurred  on  a  plane  perpendicular  to  the  stresss  axis. 
No  grain  deformation  is  visible  adjacent  to  the  fracture. 

Etchant;  Glyoeregia 
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EAM  99094  MAG;  50X 


nGURE  9-67;  Overall  photograph  showing  the  general  origin  area  and 
fatigue  progression  area.  The  fatigue  prcpagated  from  itiultiple  surface 
origire.  St^  can  be  seen  s^arating  the  origins  (arrcws) .  One  origin  is 
indicated  J:y  arrow  A. 


FAM  99095  MAG;  200X 


FIGURE  9-68;  Higher  magnificaticsi  photograph  of  a  local  origin  area  (Area 
A,  Figure  9-67) .  No  defects  are  visible  at  the  origin.  Machining  xnarks 
can  be  seen  on  the  spechnen  surface. 
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FM  99097  MAG:  lOOOX 


FIGURE  9-69;  Mixtxire  of  cleavage  and  feathery  cleavage  near  the  origins. 
Fine  cleavage  st^Ds  are  visible  on  the  facets. 


FAM  99098  MAG:  3000X 


FIGURE  9-70;  Higher  magnification  piiotograph  showing  fine  cleavage  stqps 
on  a  facet.  These  stqps  are  straight  rather  then  curved  like  fatigue 
striaticns. 
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EAM  99099 


MAG:  lOOOX 


FIGURE  9-71:  Fatigue  striations  near  the  center  of  the  specimen  in  the 
fatigue  progression  area.  Ihc  fatigue  propagated  fran  bottom  to  top  of  the 
photograph. 


EAM  99100  MAG:  3000X 


FIGURE  9-72: 
Figure  9-71, 


Hitler  magnification  view  of  the  fatigue  striations  shown  in 
Bracket  contains  ten  striations. 


FAM  99101  MAG;  200X 


FIGURE  9*-73;  Mixture  of  smear  and  overstress  features  in  the  final 
fracture  area. 


FAM  99102  MAG:  lOOOX 


FIOJRE  9-74;  Mixture  of  smear  and  overstress  features.  Ihe  smear  features 
(artw,  totta;<  right)  sshould  not  be  confused  witli  fatigue  striations.  A 
caiijide  is  visible  at  the  botton  center  of  the  photograph  (arrow) . 
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Inconel  X-750 
AMS  5667  Bar 


TECT  DKm 


TEST  TYPE 
Notched  KCF 


TEST  cxxromrajs 
Stress: 

Stress  Ratio: 
Frequency: 
Atmo^iere: 
Tearperature: 
Test  Direction: 


413.7  MPa  (60.0  ksi)/  -413.7  MBa  (-60.0  ksi) 
-1 

1800  cpn 
Air 

427  C  (800^) 
longitudinal 


TEST  RESUUrS 

cycles  to  Fracture;  140,000 


FAL  93818  HAG:  IIX 


FIGURE  9-75;  Test  results  and  fractography  of  lj>coi>el  X-750  427®C  (800*^') 
notched  liCF  test.  extent  of  ttic  fatigue  is  sha-m  by  a  bracket. 
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FAM  100200  MAG:  200X 


FIGURE  9-76:  Optical  photomicrograpii  shewing  a  close-up  view  of  the 
fatigue  progression  area.  Ttie  fracture  is  relatively  flat  (precJariinantly 
transgramlar)  and  oocurred  on  a  plane  perpeiidicular  to  the  stress  axis. 
No  grain  deforwation  is  visible  adjacent  ot  the  fracture.  Ihis  fracture 
a{^3ears  very  siiailar  to  the  rooro  tiajporature  spocinen  (Figure  9-66) . 

Etchant:  Glyoeregia 
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FM  99107  MAG:  50X 


FIGURE  9“77:  Overall  photograph  shewing  the  origin  area  and  initial 
fatigue  progression  area.  Features  can  be  seen  radiating  from  the  origin 
area  (arrows) . 


FIGURE  9-78:  Higher  magnification  photograph  of  tlie  origin  eirea.  Several 
Stage  I  fatigue  facets  (arrows)  are  visible  in  the  localized  origin  area. 
Features  radiate  from  the  individual  origins. 
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FAM  99109 


MAG:  lOOOX 


FIGURE  9-79:  Stage  I  facet  at  the  origin.  No  fatigue  striations  are 
visible  on  the  facet  in  the  Stage  I  area  even  at  high  magnificaticsTS. 


FAM  99110  MAG:  lOOOX 


FIGURE  9-80:  Patches  of  fine  fatigue  striatiwjs  (arravs)  near  the  origin 
in  the  fatigue  progression  zone,  liie  fatigue  prc^gated  fran  the  bottom  to 
the  top  of  the  photograph.  Ihe  localized  direction  of  propagation  varies. 


FAM  99111  MAG;  3000X 


FIGURE  9-81:  Higher  magnification  view  of  the  patches  of  striations  shown 
in  Figure  9-80,  Individual  striatiais  are  barely  resolvable. 


FAM  99105 


HAG:  lOOOX 


FIGURE  9-82;  Coarser  fatigue  striations  near  the  center  of  the  specimen. 
Ihe  effective  cross  section  of  the  ^xjcimen  was  reduced  as  the  crack 
prc^gated,  so  tJ:e  noininal  stress  iiviroased.  Bracket  contains  5 
striatiais. 
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FIGURE  9-83;  Higher  magnificatiwi  view  of  the  striations  shewn  in 
9-82. 


FAM  99103  flAG:  200X 

FIGURE  9-84:  Final  overstress  area. 
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FIGURE  9-85;  Hi<^er  niagnification  view  of  the  final  overstress  area, 
exhibiting  oxidized  overstress  features. 
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TEST  CXMJmaJS 

Stress;  413.7  MPa  (60.0  3csi)/  -413.7  MPa  (-60.0  ksi) 

Stress  Ratio:  -1 


Frequ€«ncy:  1800  cpai 

Atmosphere : 

Teirperature;  593  C  (1100  F) 

Test  Direction;  Daigitudinal 


TEST  RESUnrS 

Cycles  to  Fracture;  21,600 


FAL  93817  MAG;  IIX 


FIGURE  9-86:  Test  results  and  fractograpiiiy  of  Ijxonel  X-750  593  C  (1100  F) 
notcJied  HCF  test.  Sesveral  origiiis  (arrows  A)  are  separated  by  fatigue 
steps  (arrows  B) .  Ihe  extent  of  tlie  fatigue  is  shewn  by  a  bracket. 
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FAM  100258  MAG:  200X 


FIGWRE  9-87:  C^tical  photomicrograpiis  s}iowij>g  a  close-up  of  the  fatigue 
progression  area  (top)  and  tlie  final  ovcirstress  area  (bottom) .  Ihe  fatigue 
progression  is  relt^tively  flat  (predojuinantly  transgranular)  and  oooirred 
on  a  plane  perpendicular  to  tJie  stress  axis.  No  grain  deformation  is 
visible  adjacent  to  tlie  fracture.  Ihe  final  overstress  aurea  exhibits  a 
more  bitergranular  appearance. 

Etdiant;  Glyoeregia 
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FAM  99112  MAG;  SOX 


FIGURE  9-88:  One  of  several  fatigue  origins  separated  by  fatigue  stxsps. 
Features  can  be  seen  radiating  frcsn  a  small  localized  (point)  origin 
(anxw) . 


FAM  99113  r-lAG:  200X 


FIGURE  9-89:  Higher  magnification  piiotograpli  of  the  localized  origin  area 
slicwn  in  Figure  9-88 .  No  defects  are  visible  at  the  origin  (arrow) . 
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FIGURE  9-90;  Fatigue  striations  near  the  origin  area. 
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FIGURE  9-91:  Hii^er  magnification  photograpli  of  tlie  area  in  Figure  9-90, 
showing  fir>e  oxidized  fatigue  striations.  Ihe  directioii  of  propagation  is 
from  botton  to  tc^  of  the  photograpli. 
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FAM  99117  MAG;  lOOOX 


FIC3JRE  9-92;  Coarser  fatigue  striations  near  the  center  of  tlie  specimen  in 
the  fatigue  progression  eirea.  Ihe  fatigue  prqpagated  fro®  bottom  to  t<^  of 
the  photograph. 


FAM  99118  MAG;  3000X 


FIGURE  9-93:  Higl\er  nagnification  view  of  tlio  fatigue  striations  siuawn  in 
Figure  9-92. 
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FAM  99119 


MAG:  200X 


FIGURE  9-94:  Mixture  of  ssnear  (arrows)  and  oxidized  overstress  features  in 
the  final  fracture  area. 


FAM  99120  I»G;  lOOOX 


FIGURE  9-95:  Higher  mgnification  i^hotograpii  of  tixe  area  in  Figure  9~94, 
shewing  a  ndxture  of  oxidized  smoar  arxl  diiiplod  overstrcjss  features. 
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HAJlKEMi 


Inconel  X-750 
AMS  5667  Bar 


TEST  DATA 


TEST  lYPE 
Smooth  ICF 


TEST  QONDinaJS 

Stress;  965.3  MPa  (140  ksi)/  48.3  MPa  (7.0  ksi) 

Stress  Ratio:  0.05 


Frequency:  10  cpn 

Atino^ere:  AirQ  o 

Temperature:  260°C  (500°F) 

Test  Direction;  IxMigitudinal 


IFST  RESUUTS 

Cycles  to  Fracture;  58,810 


FK^JRE  9-^6:  Test  remilts  and  fractograpliy  of  Inconel  X-750  260°C  {500°F) 
Gi\tooth  ICF  test,  ihe  origin  and  fatigue  progixiission  (arrow)  occurred  a 
plane  perps^icular  to  the  stress  a^s.  The  ranaitxier  of  the  fracture 
occurrod  on  a  plcine  ajiproxijnately  45°  to  the  stress  axis. 
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FIGURE  9-97:  Optical  plrotomicrographs  showirig  the  fatigue  progression  area 
(top)  and  the  final  overstress  area  (bottcan) .  The  fatigue  progression 
exhibits  nore  variation  in  elevation  than  on  the  HCF  specirnens  (Figur< 
9-50  and  9-53) ,  but  reitains  roughly  perpendicular  to  the  stress  axis, 
shear  lip  is  visible  in  the  final  overstress  area  (arrow) . 

Kcchant:  Glyoeregia 


FAM  98709  MAG;  20X 


FIGURE  9-98:  Overall  photograph  shewing  the  origin  area  (arrew)  and  the 
fatigue  progression  area  on  a  plane  ajproxiitately  perpendicular  to  the 
stress  axis.  The  remainder  of  the  fracture  is  at  a  45°  angle  to  the  stress 
axis. 


FAM  787X0  MAG:  50X 


FIGURE  9-99:  Higher  magnification  photograph  of  tlie  origin  area.  Ihe 
fatigue  thumbnail  is  faintly  visible  (brackets) . 
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FIGURE  9-100;  A  small  inclusion  is  visible  at  the  origin.  Fracture 
features  radiate  from  this  point.  Ihe  inclusion  appears  darker  than  the 
background  in  the  secondary  electron  image  mode,  indicating  that  it  is  of 
Icwer  atcKdc  number  than  the  base  material. 


FiW  98712  HftG;  lOOOX 


FIOJRE  9-101:  Higlier  magnification  pJiotograph  of  titanium-rich  inclusion 
that  acted  as  the  origin.  Sceuining  electron  microsoope/X-ray  energy 
^oectroscopy  (SEtVXES)  analysis  determined  the  composition. 
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EftM  98716 


MAG:  lOOOX 


FIOJRE  9-102:  Fatigue  striatiais  near  the  end  of  the  thumbnail.  The 
directicai  of  prt^gation  is  from  bottcsm  to  tc^  of  the  photograph.  The 
direction  of  local  prc^gation  varies  slightly  on  different  plateaus. 


i  M  0  0  f  h'  It  F  ...  ^  1 0*C  5 


FAM  98717 


MAG;  3000X 


FIGURE  9-103:  Higher  magnification  photograph  of  the  upper  ri^t  c»mer 
area  of  Figure  9-102,  slicwing  well  developed  fatigue  striations  at  the  end 
of  the  thumbnail.  Bracket  contains  ten  striations. 


490 


FRM  98719  MAG:  lOOOX 

FIGURE  9-104:  Dimpled  overstress  in  the  final  frac±ure  area. 


FftM  98720  MAG:  3000X 


FIGURE  9-105:  Fine  dhtpled  overstress  in  the  final  fracUrce  area, 
carbides  are  visible  in  several  locations  (arrows) . 
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wimaxL 


Inconel  X-750 
AMS  5667  Bar 

TRgr  DKm 

TEST  TYPE 
Smooth  DZF 

TEST  OCM)TnC»?S 
Stress: 

Stress  Ratio: 

Frequency: 

Atmo^ere: 

Ten{)erature: 

Test  Directicai: 

TEST  RESmiTS 
cycles  to  Fracture:  9,499 


965.3  (140  ksi)/  48.3  MPa  (7.0  ksi) 

0.05 

10  cpn 

Air 

593°C  (1100°F) 
longitudinal 


FAL  93214  MAG:  9X 


FIGURE  9-106:  Test  results  and  fractograpliy  of  Inoonel  X-750  593°C 
(1100°F)  smootli  DCF  test.  Two  tltuiiibnails  are  visible  on  c^^posite  sides  of 
tlie  speK3ijnen  (arrows) .  Ihese  thumbnails  are  roughly  perpendicular  to  the 
stress  axis.  Ihe  rejnainder  of  the  fracture  occurred  at  an  ai>gle  to  the 
stress  axis. 
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EM!  100303 


MAG;  500X 


FIGURE  9-“107;  Optical  photmicrographs  shewing  the  prlmry  fatigue 
progression  area  (top)  and  grain  boundary  oxidation  along  tlie  test  specimen 
gage  area  (bottom) .  Ihe  grain  boundaries  cire  less  distinct  than  in  the 
lower  toip^ture  specimens  (Figure  9-98)  and  exposed  grain  boundaries 
along  the  gage  area  have  been  oxidized  (arrows,  bottom) . 

Etchant:  Glyceregia 
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FAM  98722  MAG;  SOX 


FIGURE  9-108;  Lew  magnification  photograph  of  the  larger  thumbnail.  T3ie 
localized  origin  area  is  indicated  by  an  arrow. 


FAM  98723  MAG;  200X 


FIGURE  9-109;  Higher  magnification  view  of  tlie  origin  area  shavn  in  Figure 
9-108.  The  fracture  surface  within  the  thumbnail  lias  a  granular 
appearance. 


494 


FM  98724  MAG:  lOOOX 


FIGURE  9-110:  Hi^er  magnification  photograj^  of  the  origin  area.  The 
fracture  a^jpears  to  be  intergranular  within  the  thumbnail  and  is  moderately 
oxidized.  No  striations  are  visible  in  the  immediate  origin  area. 


FAM  98726  MAG:  3000X 


FICSJRE  9-111:  Oxidized  fatigue  striations  near  the  origin.  Ttie  direction 
of  propagation  is  shown  by  an  arrow. 
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FftM  98727  !«G;  lOOOX 


FIGURE  9-112;  Grain  boundary  s^iaration  near  the  end  of  the  thumJaiail. 
Seme  reira'iant  fatigue  features  are  visible  ( arrows  A) .  Grain  boundary 
s^aration  has  occurred  in  several  areas  (arrows  B) . 


FAM  98728  MAG:  3000X 


FIGURE  9-113;  Higher  inagnification  photograpl;  of  the  area  shewn  in  Figure 
9-112,  showing  reannauit  fatigue  features. 
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EAM  98729  1©G;  200X 

FIOJRE  9-114:  Transgranular  dirrpled  overstress  in  the  final  fracture  area. 


FAM  98730  MAG:  lOOOX 


FIGURE  9-115:  Higher  magnification  pl-iotcgrafSi  of  the  area  shown  in  Figure 
9-114,  showing  transgranular  dhii'^led  overstress.  Ihe  surface  ooiitains  both 
very  fine  and  coarser  dingles. 
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MftJERIAL 


Inocjnel  X-750 
AMS  5667  Bar 


TSST  DKIA 


TEST  TyPE 
IMF,  In-Hiase 


TEST  OONDinONS 

Stress:  723.9  MPa  (105.0  ksi)/-758.4  MPa  (-110.0  ksi) 

Stress  Ratio:  -1.05 


Frequency: 
Atmosphere: 
Teitperature: 
Test  Direction: 


1  cpn 

Air 

593°C 


Icngitulinal 


(1100°F)/260°C  (500°F) 


IFST  RESUUTS 

Cycles  to  Fractui'e:  704 


FAL  94286  MAG;  lOX 


FIGURE  9-116;  Test  results  and  fractography  of  Inoo  X-750  In-Phase  IMF 
test.  Oxidised  (dark)  fatigue  progression  zones  are  visible  on  both  the 
O.D.  and  I.D.  surfaces.  The  origin  areas  are  indicated  by  arrows. 
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m  100202  MAiS:  200X 


FIOJRE  9-117;  Optical  photo»uicrograpitits  slicswijig  ttie  priitmy  fracture  (tc^) 
and  the  microstructure  away  from  the  fracture  {bottcm\) .  Esftersive  grain 
boundary  separation  and  grain  deformation  is  visible  adjacjent  to  the 
fracture.  Ihis  is  typical  of  high  tempera ture/high  stress  fractures.  Note 
tiiat  the  specimen  fractured  after'  only  704  cycles. 

Etchant:  Glyoeregia 
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FM  99456  MJ^:  50X 


FIGURE  9-118;  Low  magnification  photograpi^  of  the  larger  thuntonail.  No 
localized  origin  can  be  identified.  A  sliear  lip  is  visible  <ai  the  insicfe 
surface  (tqp) . 


fm  9945?  Kiy3;  200X 


FIGURE  9-119:  Killer  ttvagi^tfioatioji  view  of  tl\e  fiitigiie  piogressif^i  zoi'io 
showi  in  Figure  9-118.  ‘i'he  fracture  has  osidizod  areas  and  is 
ii^tergranuiar  in  appearai>ce. 
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MAG:  lOOOX 


FIGURE  9-UO:  ma^ification  photograph  of  the  origin  area.  The 

fracture  is  heavily  oxidized  and  intergranular  within  the  thumbnail. 


i^GURE  9”121;  Heavily  oxidized  fatigue  progression  zone.  No  feat’jres  are 
disoanuble. 
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FM  99460  MAG;  200X 


FIGURE  9-122;  Final  overstress  area  eidubiting  oxidized  diitpled 
overstress. 


FAM  99461  MAG;  lOOOX 


FIGURE  9-123:  Oxidized  dinpled  overstress.  Ihe  oxidation  is  not  as  sever© 
as  in  the  fatigue  progression  zone  because  tlie  fatigue  eirea  was  exposed  to 
the  air  for  a  longer  tim. 
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MAIERlAEi 


Inconel  X-750 
AMS  5667  Bar 


TRHT  DM3V 


TEST  TyPE 

IMF,  Out-of-Ehase 


TEST  CXM)rnCTJS 

Stress;  758.4  MPa  (110.0  ksi)/723.9  MPa  (105.0  ksi) 

Stress  Ratio;  -0.95 


Frequency; 
Atmosphere; 
Teitperature; 
Test  Direction; 


1  cpm 
Air 

593°C  (1100°F)/260°C  (500°F) 
longitudinal 


TEST  RESUKES 

Cycles  to  Fracture;  2209 


FAL  94287  MAG;  lOX 


FIGURE  9-124;  Test  results  and  fractography  of  Inco  X-750  Out-of-Phase  IMF 
test.  TWO  oxidized  fatigue  progression  zones  (thuiiibnails)  are  visible  at 
the  I.D.  surface  of  the  specinven  (arrows) .  Arrest  marks  can  bo  seen  within 
the  tliunhi'^ails. 
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FAM  100283 


MAG:  640X 


FIGURE  9~125;  C^tical  photc«tiicrograph  sJiowing  the  primary  fracture  and 
V-shaped  secondary  cracks  (arrows)  along  the  specimen  gage  area.  Ihese 
ojddized  secondary  cracks  are  indicative  of  TMF. 


Etchant:  Glyoeregia 
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EAM  99447  MAG:  SOX 


FIGURE  9-126;  low  magnification  photograph  of  the  larger  thumbnail.  The 
fatigue  appears  to  prc^gate  from  multiple  I.D.  origins. 


FAM  99448  MAG;  2UUX 


FIGURE  9-127:  Higher  magnification  view  of  the  origin  area  and  fatigue 
progression  zone  shown  in  Figure  9-126.  A  series  of  origins  (arrows)  are 
visible  along  the  I.D.  surface. 
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EftM  99450  MftG:  lOOOX 


FIGURE  9-128:  (Doarse  oxidized  striations  in  the  fatigue  progression  zone. 
The  prc^gation  is  from  bottom  to  top  of  the  photograph. 


FAM  99451  MAG:  3000X 

FIGURE  9-129:  Higher  magnification  photograph  of  the  area  shewn  in  Figure 
9-128,  showing  both  oxidized  striations  and  crack-like  striations. 
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ERM  99452  MAG:  200X 


FIGURE  9-130:  Final  overstress  area  ejdnbiting  oxidized  dinpled 
overstress. 


FAM  99453  MAG:  lOOOX 


FIGURE  9-131:  Fine  oxidized  dimpled  overstress  in  tlie  area  shown  in  Fiqure 
9-130. 
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EfiM  99454  MAG:  3000X 


FIGURE  9-132:  Fine  equiaxed  diirpled  overstress  in  the  final  overstress 
area. 
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SERVICE  EMUIRE 


roACnjRE  IOjE  Fatigue  (probable  hidi  cycle  fatigue) _ 

PART  NAME _ Quick  Fill  Bel  lews  Assembly _ 

OPERATION  DATA  The  bellcws  operated  in  a  standard  gas  turbine  engine 
envimiment  and  mav  have  been  subjected  to  both  low 
cycle  and  vibratory  loads. _ 

PAST  TIME _ 5343  hours _ 


REQUIRED  ACTUAL 


BASE 

Inconel  X-750  — 

confirmed 

MAT'L 

OTHER 

—  - 

_  o. 

HARDNESS 

No  recaiireroent  — 

HRC  36-44  * 

GRAIN  SIZE 

No  recaiirement  — 

ASTM  6-9 

DIMENSIONAL  Wall  thickness:  0.004-0.005  inch — 

-  0.0039  inch 

*  Diainaid  pyi^'sardd  hardness  (DFH)  conversions. 


SUl*tARY;  The  crack  in  the  second  convolution  of  the  small  bellows  of  the 
quick  fill  bellcws  assembly  was  the  result  of  fatigue  (probable  HCF) 
progr^irg  from  multiple  origins  on  the  O.D.  surface.  The  crack  extended 
0.45  inch  in  length  and  was  predominantly  transgranular.  No  material 
defects  were  found.  The  hardness  was  HRC  36-39  in  the  flat  secticais  of  the 
bellcws  and  HRC  40-44  in  the  bends.  This  variaticai  in  hardness  was 
attributed  to  work  hardening  that  probably  occurred  during  nonufacturirg. 
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EAL  88632 


MAG:  1  1/2X  EAL  88633 


MAG:  3X 


figure  9-133:  Overall  photograph  of  the 
quick  fill  belloivs  assembly.  The  crack 
is  in  the  snail  bellcKo^s  (tcp) . 


FIGURE  9-134;  Close-i:?)  of 
the  small  bellcws.  Arrow 
indicate  the  location  of  the 
crack  in  the  second  convolution. 


EAL  93341  MAG:  lOX 


FIGURE  9-135;  Cowposite  SEM  photograph  of  the  operKad  crack  surface.  Ihe 
extent  of  the  fatigue  is  shown  by  black  brackets.  Fatigue  origins  were  on 
the  O.D.  surface  (arrows) . 
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t  > 


ERL  93345 


MRG:  300X 


ERL  93346 


MRG:  lOOOX 


FIGURE  9-136;  SEM  photogre^  of  the 
opened  crack  surface.  Ihe  locaticai 
of  photogre^  122  is  shown  by  a 
bracket. 


EIGURE  9-137:  Photograph  122 
relatively  fine  fatigue  striations 
indicating  propagation  from  the 
O.D.  surface. 


AL  93344 


MAG;  4000X 


ERL  93347 


MAG;  10,000X 


FIOJRE  9-138:  Hi^er  mgmfication  plioto-  FIGURE  9-139;  High  magnification 


graph  of  the  fatigue  striaticais.  Ihe 
curvature  of  the  striatic»is  with  their 
concave  side  up  indicates  prc^gation  frm 
top  to  bottoKi  of  the  photograjhi. 


SEM  photograph  shewing  very  fine 
fatigue  striations  (brackets) . 
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PWA  1480  (Cast  Ni-Based  Single  Crystal) 


WriiftgjHaT  Descriptiai 

IWA  1480  is  a  nickel-base  vacuum  meltKi,  investment  cast,  gingle 
crystal  alloy  used  in  turbine  airfoils  at  tenperatures  ip  to  1900  F.  Bie 
alloy  was  tested  in  two  orientations,  [001]  and  [111] .  Ibe  material  used 
in  this  stu£^  was  heat  treated  to  IWA  1480  with  a  typical  hardness  of  I©C 
35-45.  Measured  hardness  was  HRC  40-43. 

Fractocgaphy  Oog^view 

o 

Fou:^  smooth  tensile  test  ^lecimens  were  examined,  two  each  at  800  F 
and  1800  F.  Ihe  difference  between  the  specimens  was  the  specimen 
orientation,  with  the  stress  axis  edigned  with  the  [001]  crystal 
orientation  for  two  qjecimens  and  the  [11^]  orientation  for  the  other  two. 
Both  the  [001]  and  [111]  orientated  800  F  ^lecimens  had  large  facets 
covering  almost  the  entire  fracture  surface  with  fracture  occurring  along 
preferred  crystallographic  planes  in  the  lattice.  These  planes  were  at  an 
angle  to  the  stress  axis.  The  [001]  specimen  had  small  patches  of  dinpled 
overstress  and  generally  more  change  in  fracture  path  than  the  [111] 
^jecimen.  The  cleavage  planes  cxi  both  specimens  eidiibited  slip  lines  and 
the  blocky  microstructure  constituent  gamma  prime.  This  ^ve  the  fractures 
a  scaly  eppearanoe  at  hi^  magnification.  The  two  1800  F  ^)ecimens  had 
more  ductile  appearances.  Bot^  had  higher  percent  elongation  and  larger 
reduction  of  area  than  the  800  F  ^aecimens.  The  [001]  ^)ecimen  exhibited 
oxidized  overstress  features  with  areas  of  void  ooalesoenoe.  The  [111] 
specimen  had  de^  tearing  features  that  appeared  to  be  very  large  elongated 
and  ruptured  voids, 

A  single  stress  rupture  specimen  was  examined  in  the  y.11] 
orientation.  The  macroscopic  appeciranoe  was  similar  to  the  1800  F  tensile 
specimens.  At  hicher  magnifications  the  fracture  exhibited  round  islands 
of  li^tly  oxidized  cleavage  type  fracture  surrounded  and  separated  by 
oxidized  overstress  features.  ^ 

Three  I£F  specimens  were  examined;  [001]^  orientation  800  F,  [001] 
orientation  1800  F  and  [111]  orientation  1800  F.  Ttie  lower  teuperature 
specimen  was  coated  with  an  aluminide  diffusion  coating.  The  fracture 
features  were  unlike  any  others  observed.  The  fracture  propagated  frctn 
multiple  origins  along  a  plane  roughly  perpendicular  to  the  stress  axis. 
Betw^n  0.010  and  0.020  inch  subsurface,  the  fractgre  path  changed 
directiexTS  to  a  series  of  plan^  forming  roughly  a  45  angle  to  the  stress 
axis.  This  transition  formed  a  saw  tooth  pattern  with  an  axial  seocardary 
crack  where  the  change  of  fracture  path  occurred.  The  planes  at  an  angle 
to  the  stress  axis  exhibited  unusual  arrest  marks  radiating  from  the  origin 
cirea.  These  marks  appeared  as  a  series  of  bands  of  smear  features 
perpendicular  to  the  direction  of  propagation.  Between  these  bands  the 
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fracture  was  cleavage  associated  with  gainma  prime  precipitates  in  the 
microstructure.  The  bctfds  of  smeared  features  may  be  arrest  itarks  that 
were  smeared  as  the  fracture  pro^gated. 

The  [001]  orientaticai  1800  F  specimen  ran  only  718  cycles.  NO 
striations  were  visible  in  the  fatigue  area  vhich  was  covered  primarily 
with  oxide  and  smear  features.  There  was  a  clear  difference  between  the 
fatigue  and  final  overstress  areas.  The  final  overstress  erfiibited  heavy 
oxide  on  a  fracture  a^ociated  with  the  gamma  prime  precipitates.  The 
[111]  orientation  1800  F  ^jecimen  had  a  clear  oxidized  thumbnail  fatigue 
progression.  The  fracture  originated  at  a  small  subsurface  void  and  was 
heavily  oxidized  eind  nearly  featureless  near  the  origin.  At  the  end  of  tlie 
thumbnail,  necu:  the  center  of  the  specimen,  heavily  oxidized  remnant 
striaticais  were  visible.  The  final  overstress  area  ejdiibited  oxidized 
cleavage  features  with  discrete  patches  of  feathery  or  fan-sh^)ed  cleavage. 

One  [001]  orientation  out-of-phase  TMF  specimen  was  examined.  The 
fracture  ejdiibited  an  oxidized  fatigue  progression  area  that  originated  at 
a  heavily  oxidized  surface  connected  void.  The  area  adjacent  to  the  origin 
was  flat  and  featureless.  As  tlie  fatigue  progressed  the  fracture  exhibited 
a  series  of  st^s  s^iarated  by  oxidized  regions.  These  st^  occurred  in 
an  area  vhere  the  fracture  was  changing  direction  and  may  be  associated 
with  the  change  in  the  relationship  between  the  crystai.logiaphic 
orientaticn  of  the  crack  tip  and  the  stress  axis.  Crack-like  striations 
were  also  observed  in  the  thumbnail  area.  Final  cwerstress  occurred  by 
diirpled  overstress  associated  with  the  gamma  prime  precipitates.  Discrete 
patdies  of  featheiT,f  or  fan-shaped  cleavage  were  also  present. 
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Tm  1480 

[0013  Orientatlai 

'?Tigr  mTA 

TEST  TyPE 
Smooth  Tensile 

TEST  OCMPmCNS 

Strain  Rate:  0.005  (0.005  iiViiVmin) 

Atmo^ahere:  Air 

Tejiperature:  427*^0  (d00°F) 

Test  Di3:ecti«i:  longitudinal 

TEST  Rssrjurs 

0.?%  Yield  strsrigth;  965.3  MPa  (140.0  ksi) 
Ultimate  Strength:  1196.3  MPa  (173.5  ksi) 

%  Elongation  5.0 

%  Reducticai  of  Area;  7.1 


FIGURE  10-1:  Test  results  and  fractograpl^y  of  1480/(0013  42''°C  (800°F) 
smooth  tensile  test.  Ihe  fractuie  *'as  a  faceted  appearanoe  because 
fracUire  occurred  aloiig  crystallographic  planes. 
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Fm  99826  MAG:  200X 

FIOJRE  10-2:  Optical  photonicrograph  of  a  metallogra^c  cross  section 
throu^  the  fractured  specimen.  Eutectic  phase  formed  islands  in  tlie 
microstructurs  and  fine  cuboidal  Gamma  Prime  phase  is  dispersed  throu^out 
the  idcrostructure.  The  fracture  eidiibits  little  disoeniible  plastic 
deformation. 


‘  ...  ^ 


V'  .■ 


Etchant;  AG-21 
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FAM  98575  MAG:  20X 


FIQJRE  10-3:  Lew  inagmfication  photograph  shewing  the  faceted  af^)earanoe 
of  the  fracture.  This  is  the  result  of  fracture  along  close-packed 
crystallographic  planes. 


FAM  98576  MAG:  SOX 


FIGJJRE  10-4:  Hi(^er  magnification  photograph  of  tiie  area  shown  in 
Figure  10-3,  showing  abrupt  changes  in  fracture  path  (cirrows)  associated 
with  fracture  along  close-packed  plarves. 
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EMI  98577  MftG:  200X 

FIGURE  10-5;  Hi^er  magnification  photograph  showing  cleavage  fracture 
(arrcw  A)  with  patches  of  dimpled  overstress  (arrows  B) , 


FAM  98578  MAG;  lOOOX 


FIOJRE  10-6;  Higher  magnification  photograph  of  the  area  shown  in  Figure 
10-5,  shewing  dimpled  overstress  (arrow)  betweai  areas  of  cleavage. 
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EftM  98579 


MftG:  3000X 


FIGURE  10-7;  Mixture  of  dinpled  overstress  (arrow  A)  and  cleavage  (arrow 
B)  features.  The  ndcrostructural  constituent  gamma  prime  is  visible  on  the 
cleavage  facets,  appearing  as  small  squares  on  the  surface  (bloclky 
s^ipearanoe) . 
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MATKRTAT. 


PWA  1480 

[001]  Orientation 

TEST  Dft!I3V 

TEST  TYPE 
Smooth  Tensile 

TEST  OCM)ITICWS 

Strain  Rate:  0.005  iniVinriV'inin  (0.005  in/in/inin) 

Atmosphere:  o 

Tenperaturs:  982°C  (1800°F) 

Test  Direction:  Longitudinal 

TEST  RESUiaS 

0.2%  Yield  Strength:  483.3  MPa  (71.0  ksi) 
Ultimate  Strength;  648.1  MPa  (94.0  ksi) 

%  Ellongation  15.0 

%  Reduction  of  Area:  24.7 


FAL  92928  MAG:  lOX 


FIGURE  10-8;  Test  results  and  fractography  of  FWA  1480/(001]  982°C 
(1800”f)  smooth  tensile  test.  Ihe  fracture  exhibits  less  cleavage  and  more 
dixpled  overstress. 
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FI(5JRE  10-9:  Optical  photomicrograph  of  a  metallographic  cross  section 
throng  the  fractured  specimen.  Eutectic  phase  formed  islands  in  the 
matrix  of  finely  dispersed  cuboidal  gamma  prime,  ihe  specimen  exhibits 
secondary  cracking  originating  at  eutectic  islands  (arrows) . 

Etchant;  ^0-21 
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EAM  98586  mS;  20X 


FIGURE  10-10;  low  magnification  photograph  lowing  the  Qnon- 
crystallographic  nature  of  the  frac±ure.  Ccatpare  with  the  800”f  i^)ecimBn, 
Figures  10-3  throu^  10-5. 


FAM  98587  MAG;  BOX 


FIOJRE  10-11:  Oxidized  non-caystallographic  fracture  with  dinpled 
overstress  and  void  coalcsoenoe. 
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FAM  98588  MAG:  200X 


FIGURE  10-12:  Hi^er  magnification  photograph  of  a  portion  of  the  area 
shewn  in  Figure  10-11,  shewing  oxidized  overstress  features. 


FIGURE  Oxidized  overstress  features  with  sane  void  ooalescjenoe 

(arrow) . 
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MyiTOTAT. 


mh  1480 

[111]  Qri^tation 
TRgr  TVVTA 

TEST  TypE 
Snooth  Tensile 

TEST  OONDinONS 

Strain  Rate;  0.005  iiiiVKfflV'n'iii  (0.005  iiViiVinin) 

Atmosphere;  Air 

Teitperature;  427°c  (800°F) 

Test  Direction;  Longitudinal 

TEST  RESUI[IS 

0.2%  Yield  strength;  821.2  MPa  (119.1  ksi) 
Ultimate  Strength;  1390.0  MPa  (201.6  ksi) 

%  Elongation  19.5 

%  Reduction  of  Area;  18.5 


FAL  92929  MAG;  12X 


FIGURE  10-14;  Itest  results  and  fractography  of  PWA  1480/ [111]  427°C 
(800°P)  snooth  tensile  test.  Ihis  fracture  exhibits  more  facets  than  the 
[001]  orientation  fracture  (Figure  10-1). 
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FAM  98771  MAG;  lOOX 


FIGURE  10“15;  Optical  photcsiiicn3graph  of  a  inetallographic  cross  section 
throng  the  fractured  speciinen.  Eutectic  phase  formed  islands  in  the 
matrix  of  finely  disperse  cuboidal  gamma  prime.  The  fracture  occurred  on 
clcse*i)aciked  planes  resulting  in  a  jagged  aj^jearanoe. 

Etchant:  AG-21 
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EAM  98555  MAG:  50X 


FIGURE  10-16:  lew  magnification  photograph  showing  faceted 
crystallogr^jhic  nature  of  the  fracture  surface.  Ihe  faceting  occurs  vdien 
a  specimen  fractures  cdong  crystallographic  planes  oriented  for  TraviTOiini 
resolved  shear  stress. 


FIGURE  10-17:  Cleavage  fracture  along  crystallographic  planes. 
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FAM  98557  MAG;  lOOOX 


FIGURE  10-18;  Hi^er  magnification  photograph  shewing  cleavage  fracture. 
Slip  lines  are  visible  (arrews) . 


FAM  98559  MAG;  3000X 


FIGURE  10-19;  Cleavage  fracture  associated  with  gamma  prime  precipitates 
Ihese  precipitates  produce  a  blocky  appearance  on  the  fracture  surface. 
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Mfl!iid03VL 


mk  1480 

[111]  Orientation 

TRgr  revm 

TEST  lYPE 
Smooth  Tensile 

TEST  aMJincws 
strain  Rate; 

Atmo^ere: 

Teirperature: 

Test  Direction; 

TEST  REsmas 
0.2%  Yield  Strength;  422.6  MPa  (64.2  ksi) 
Ultimate  Strength:  573.7  ME^  (83.2  ksi) 
%  Elongation  20.0 

%  Reduction  of  Area:  25.2 


FAL  92923  HAG;  12X 


0.005  raViniVinin  (0.005  iiyiJVmin) 
Air 

982°C  (1800°F) 
longitudinal 


FIGURE  10-20:  Itest  results  aixi  fractography  of  m  1480/[lll]  982°c 
(1800  r)  smooth  tensile  test.  This  higher  tei^rature  fracture  surface 
does  not  have  the  faceted  aEpearaiioe  of  tlie  800°F  specimen  (Figure  10-14) . 
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FAM  98765  MAG;  lOOX 


FIGURE  10-21:  Optical  pliotomicrograph  of  a  nvetallographic  cress  section 
thirough  tlie  fractured  speciinen.  Bibectic  p!^se  formed  islands  in  tire 
matrix  of  finely  dis^jersed  cuboidal  gaitmu  pruie.  lire  fracture  ocscurred  on 
close-packed  planes  resultiirg  in  a  jagged  appearance,  sooondary  cracks  can 
be  seen  ruKXleating  at  tire  oitectic  piraso  islands  (artows) . 

Etchant:  AG-21 
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FIGURE  10-22:  lai  magnification  photograph  dewing  jagged  appearance  of 
the  fracture. 
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FAM  98570 
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MAG:  50X 


FIGURE  10-23:  Oxidized  fracture  surface  with  deep  jagged  aj^3earance 
resulting  fran  localized  cleavage  along  crystallograE^ic  planes.  Ocstipare 
this  aE^jearanoe  with  the  800°F  specimen  (Figures  10-16  thmigli  10-19) . 


FAM  98571  MAG;  200X 


FIGURE  10-24;  Higher  magnification  photograph  of  the  area  ^own  in  Figure 
10-23,  shewing  oxidized  overstress  features.  At  this  magnification 
cleavage  is  visible  (arrows) . 


FAM  98574  MAG;  lOOOX 


FIGURE  10-25:  Oxidized  cleavage  features. 
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MATliRTAT. 


im  1480 

[111]  Orientation 
TR?7r  TWTA 

TEST  TYPE 
Stress  Ri;5Jture 

TEST  CONDmaiS 

Stress:  172.4  MPa  (25.0  ksi) 

Atmo^iiere: 

Teirperature:  982°C  (1800°F) 

Test  Direction:  longitudinal 

TEST  RESUIITS 

Time  to  Fracture:  409.7  hours 

%  Elongation  17.8 


MAG:  14X 


FAL  94098 


FIGURE  10-26;  Ttest  results  ard  fractograpJiy  of  R'ZA  1480  982  C  (1800  F) 
stress  rupture  test.  The  fracture  surface  appears  heavily  o3ddiz(^  with  no 
faceting. 
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EAM  100257B  MAG;  200X 


FIGURE  10-27:  qptical  piiotonicaxgraphs  shaving  void  formation  at  islands 
of  aitectic  (arrows) .  Iha  fracture  had  a  jagged  aj^iearance. 

Etchant:  AG-21 


EAM  98830  MAG;  SOX 

FIGURE  10-28;  lew  magnification  photograph  shcawing  granular  appearance. 


FIGURE  10-29;  Higher  magnification  photograph  sliowing  islands  of  li^tly 
oxidized  fracture  surrewnded  by  heavily  oxidized  ovarstress  features.  Many 
of  tlie  islands  have  voids  at  their  centers  (arrows) 
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EAM  98833  MAG;  lOOOX 


FIGURE  10-30:  Higher  magnification  photograph  shewing  oxidized  overstress 
features  between  siroother,  evenly  oxidized  islands  with  voids  at  their 
centers.  These  voids  are  visible  in  the  metallographic  cross  section 
(Figure  10-27). 
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MMERIM. 


im  1480 

[001]  Orientatiai 

Coated  275  (Alumlnide  Coating) 

TEST  Dftaai 

TEST  TyPE 
Smooth  ICF 

TEST  CCM)ITiaJS 
Stress: 

Stress  Ratio: 

Atmo^iiere: 

Teroperature: 

Test  Direction: 

TEST  RESUiaS 

cycles  to  Fracture:  3012 


595.8  MPa  (86.4  ksi)/-595.8  MBa  (-86.4  ksi) 
-1 
Air 

427 -C  (800  F) 
longitudinal 


FAL  93403  MAG:  12X 


FIGURE  10-31:  Test  results  and  fractography  of  mk  1480/[001]  427*^0 
(800°F)  smooth  ICF  test.  Arrest  marks  are  clearly  visible  on  the  fracture 
surface  (arrow  A) .  Ihe  propagation  changes  planes  across  the  ^jecimen, 
resulting  in  steps  on  the  su^aoe  (arrow  B) . 


535 


Btdiant: 


ff  :./y  V -'yy.  y  M?® 


.  .1  ■  .,  r- Sr’Ti? 

‘fc  w&ss-ss 


’•■■'  •  "y  ■  ■■■  V  ■■• .  ...  m 

v'y  '■  ■' 

,' ,  -y-'  .'  ’^  ’  :  OR  l  e  I  HS''\: 

fi-u.u'fll  N  I  DE  COfiT  I-H'.ii’ .■•  •  .,  ;  ■  ■‘  ■-H 
■  r-t  n  0  T  H  L'C  F  ■  ■  4  5  7‘C  .  :;:€^  0‘F  ■  ~[  0  O 


w.y--  -i 


FAM  98785 


MAG:  20X 


FIGURE  10-33:  Lew  magnification  photograph  shewing  arrest  marks  (arrows  A) 
indicating  fatigue  pre^gation  frm  several  origins  near  the  bottom  of  the 
photograph  (arrows  B) . 
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FAM  98786 
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FIGURE  10-34:  Higlier  magnification  photograpJ:  showing  tliree  fatigue 
origins  near  the  surface  of  the  spaciasen  (arrows) . 
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ERM  98787  MAG;  200X 


FIGURE  10-35;  Close-t^*  photograph  of  the  origin  area  shown  in 
Figure  10-34.  Ihe  extent  of  the  coating  is  shewn  by  arrows. 


FAM  98788  MAG;  lOOOX 


FIGURE  10-36;  Higher  mgnificatiem  pliotograph  siiwing  oxidized  fatigue 
features  near  the  origin  area.  Ihr^  remnant  fatigue  striations  are 
contained  in  a  bracket. 
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FM  98792  MRG:  3000X 


FIGURE  10-39;  Hi^  magnification  photograph  showii^g  the  smeared  striations 
from  Figure  10-38. 


FAM  98794  MAG;  lOOOX 

FIGURE  10-40:  Final  overstress  area  cxaisisting  of  cleavage  facets. 
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FM  98795  miGt  3000X 


FIGURE  10-41:  Final  overstress  ai^a  exhibiting  ganma  prime  mcarostructiaal 
cxjnstituent  cxi  the  fracture  surface  (arrows) . 
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MATTOTAT. 


m  1480 

tool]  OrientatioTi 

T35gr  DMA 

TEST  TyfE 
Smooth  LCF 


TEST  aMjrnajs 
Stress: 

Stress  Ratio: 
Atmo^^here: 
Tenperature: 
Test  Direction: 


1145.9  MPa  (166.2  ksi)/-1145.9  MPa  (-166,2  ksi) 
-1 
Air 

982  C  (1800°F) 
longitudinal 


TEST  RESUITS 

Cycles  to  Fracture:  718 


FAL  93400  HAG:  IIX 


FIGUl^  10-42;  'Test  results  and  fractograpiiy  of  BiA  1480/[001]  982^C 
(1800°F)  smooth  ICF  test.  No  fatigue  propagatioj-j  is  disce!n\ijble.  This 
fracture  surface  appears  less  faceted  thai^  the  800°F  specimen  (Figure 
10-31) . 
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EAM  100250 


MG:  200X 


FIGURE  10“43;  C^tical  photondcrographs  showing  fatigue  propagation  area 
(top)  and  final  overstress  area  (bottom).  The  fatigue  progression  is 
flatter  v*dle  the  overstress  is  more  jagged.  A  thin  alloy  depleted  layer 
is  visible  on  the  exposed  gage  section  (arrow  A)  and  on  the  fatigue 
progressicai  area  (arrow  B) .  Hie  fatigue  area  was  exposed  to  the  high 
teirperature  oxidizing  environment  (hot  air)  during  pro^gation. 

Etchant:  AGi-21 
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FAM  98803 


MAG:  20X 


FIGURE  10-44:  Lew  magnification  photograph  showir>g  smooth  fatigue 
progression  near  the  bottom  of  the  ^otograph  (braeikets) . 


FAM  98804  MAG:  BOX 


FIGURE  10-45:  Close-up  photograph  of  tlie  fatigue  tlimtibnail  area.  Ihe 
diffuse  origin  area  is  located  at  the  bottom  of  the  photograph. 
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naiRE  10-46:  close-i¥>  photograph  of  the  origin  area  shown  in 
Figure  10-45,  showing  no  discemible  features. 


FAM  98807  MAG:  200X 

FiajRE  10-47:  Ojcidized  final  overstress  area. 
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MAiLliRTATi 


IWA  1480 

[111]  Orientation 
TTy?r  nRTA 


TEST  TYPE 
Smooth  DCF 


TEST  oaromc^s 

Stress;  941.3  MBa  (136.5  ksi)/-941.3  ME^  (-136.5  ksi) 

Stress  Ratio: 

Atmo^ihere: 

Tenperature: 

Test  Direction:  Dongitudinal 


-1 
Air 

982  C  (1800  F) 


TEST  RESULTS 

Cycles  to  Fracture;  2307 


FAL  93402  MAG:  12X 


FIGURE  10-49:  Test  results  and  fractograpliy  of  B-IA  1480/ [111]  982  C 
(1800°F)  smooth  DCF  te^t.  The  fatigue  procifression  area  appears  as  a  irvore 
oxidized  area  tveiir  the  bottan  of  tte  pJiotograph.  'Ihe  extent  of  the  fatigue 
is  stiown  arrows. 
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EAM  100254 


1®G:  500X 


FAM  100253  MAG;  200X 


FIGURE  10-50;  Optical  photaiilcrograplis  showing  the  primary  fatigue 
progression  area  (top)  and  seooi>dary  cracks  along  the  specimen  gage 
(bottom) .  Both  the  cracks  and  the  fatigue  portion  of  tlie  fracture  surface 
ejdiibit  thin  alloy  depleted  layers  that  appear  as  white-etched  areas  along 
tiie  exposed  surfaces  (arrows) .  Dark  gray  colored  oxides  are  visible  on  top 
of  the  alloy  d^etion  layers  . 


Etdiarit;  AG-21 
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EAM  98853  MAG:  20X 


FIGURE  10-51:  Law  magnification  photograph  shewing  smooth  fatigue  area 
located  near  the  bottom  of  the  photograph.  Arrows  indicate  the  extent  of 
the  fatigue.  Hie  fracture  propagated  from  multiple  origins. 


FAM  98854  MAG:  SOX 


FIGURE  10-52;  Close-up  photograpli  sliowing  a  typical  origin  area.  A 
localized  origin  is  indicated  by  an  arrow. 
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FAM  98855  MAG:  200X 


FIGURE  10-53:  Higher  magnification  photograph  of  the  area  shown  in  Figure 
10-52,  showing  a  small  void  at  the  origin.  No  striations  are  visible  in 
the  origin  area. 


FAH  98056  MAG:  lOOOX 


FIGURE  10-54:  Small  oxidized  void  at  the  origin. 
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FAM  98859  MAG:  200X 


FIGURE  10-55;  Fatigue  progression  near  the  center  of  the  fracture  surface, 
coarse  striatic^is  are  visible.  Ihe  direction  of  prc^)agation  is  shown  by  an 
arrow. 


FIGURE  10-56:  Higher  magnification  photograpii  of  tlie  coarse  oxidized 
striations  shown  in  Figure  10-55. 
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FAM  98861  MAG:  200X 


FIGURE  10-57;  Cleavage  features  in  the  final  overstress  area. 


FAH  98862  HAG:  lOOOX 


FIGURE  10-58:  Higher  flagnificaticai  photograph  of  the  area  sliown  in  Figure 
10-57,  shewing  oxidized  cleavage  features.  IVo  small  patdies  of  fan-shaped 
cleavage  are  indicated  by  arrows. 


552 


WVrFRTAT. 


FWA  1480 

[001]  Orientation 

TEST  I»3A 

TEST  TYPE 

IMF,  Out-of-Ehase 


TEST  OONOmONS 
Stress  Range: 
Mean  Stress: 
Atmo^ere: 
Frequency: 
Tenperature; 
Test  Direction: 


903  MPa  (131  ksi) 

59  MPa  (3.5  l{si) 

Air 
1  cm 

932  C  (1800  F)/427  C 
Longitudinal 


(800°F) 


TEST  RESUIilS 

Cycles  to  Fracture:  3655 


FAL  93404  HAG:  12X 


FIGURE  10-59:  Test  results  and  fractography  of  BiA  1480/ [001]  Out-of-Kiasa 
IMF  test.  An  oxidized  (dark)  fatigue  progression  zcMva  is  visible  at  the 
bottom  of  the  photograpJ:*  Arrows  indicate  the  extent  of  the  fatigue. 
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FM  100251 


MRG:  200X 


FIGURE  10-60:  Optical  pliotcnucrogi-aplis  shwing  tlic  priinary  fatigue 
progression  area  (top)  arei  secondary  cracks  along  tire  specimen  gage  section 
(bottom) .  Both  the  cracks  and  the  fracture  exhibit  shallow  alloy  depleted 
layers  tlrat  appear  as  white-etdied  layers  along  tire  erqxssed  surfaces 
(arrcws) .  Da^  gray  colored  oxides  are  visible  m  top  of  the  alloy 
depleted  layers  along  the  primary  fracture  surface.  Itris  appearance  is 
sinrilar  to  the  hi^r  topperaturo  LCf'  fracture  (Figure  10-50) . 


Etchant:  AG-21 
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FAM  98838  MAG:  20X 


FIGURE  10-61:  IsM  magnification  photograf^  shas?ing  fatigue  progression 
area  located  at  the  bottom  of  tlie  photograpii.  Ihe  extent  of  the  fatigue  is 
shown  by  arrow  heads. 


FAM  98839  MAG:  SOX 


FIGURE  10-62:  Higher  magnification  photcgrapli  of  the  origin  area.  A  void 
open  to  the  surface  is  tl^  local  origin  site  (arrow) . 
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FAM  98840  MAG:  200X 


FIGURE  10-63:  Close-up  photograph  of  the  surface  connected  void  at  the 
origin  shown  in  Figure  10-62.  No  fatigue  striations  are  visible  adjacent 
to  the  void- 


FAH  98842  HAG:  20OX 


FIGURE  10-64;  Remnant  fatigue  features  near  tiie  origin.  The  directicn  of 
propagation  is  slKwn  by  arrw  A.  Arrow  B  shows  a  large  secsondary  crack 
perpendicular  to  the  direct ioji  of  propagation. 
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EAM  98843 


MAG:  200X 


FIGURE  10-65;  Fatigue  feature  in  the  thuniknail  area.  The  direction  of 
prcpagation  is  shosfm  by  an  arrcaw. 


EM!  98846  MAG;  500X 


FIOJRE  10-66;  Hi^er  magnificaticn  photograph  of  the  fatigue  features 
shown  in  Figure  10-65.  Note  presence  of  terracse  stqps  s^iarated  by 
smootiier,  oxidized  regions. 
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FAM  98844  MAG:  lOOOX 


FIGURE  10-67:  Oxidized  crack-like  striations  in  the  thumbnail  area, 
direction  of  prc^gation  is  froti  bottcra  to  top  of  the  photograph. 


FAM  98847  MAG:  200X 

FIGURE  10-68:  Final  overstress  area. 


Ihe 
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EftM  98848  MftG;  lOOOX 


FIGURE  10-69;  Hi^er  magnification  photograph  of  the  area  ^cwn  in  Figure 
10-68,  exhibiting  fine  dinpled  overstress  associated  with  Gamma  Prime  phase 
and  patches  of  feathery  cleavage  (cirrows) . 


FAM  98849  MAG;  3000X 


FIGURE  10“70;  Very  fine  diirpled  overstress  between  patd^es  of  feathery 
cleavage.  The  Gaiana  Prine  pliase  in  the  microstructxire  is  visible  in  the 
dirpled  areas. 
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SERVICE  FRTTIIRF. 


FRACniRE  MXE  Fatigue  (TMF  and  probable  ICF\ _ 

PART  NAME _ First  and  Second  Stage  Turbine  Stator  Vanes _ 

0E5RATI0N  DATA  Vanes  ccerated  in  typical  turbii^  environment  under 

thearmal  str^ses  as  well  as  cyclic  and  static  mechanical 
stresses. _ 

PART  TIME  450.7  hours  f 2081. 5  coerational  cycles^ _ 


REQUIRED  ACTUAL 

BASE 

MAT*L 

OTHER 

HARDNESS _ ' 

GRAIN  SIZE 
DIMENSIONAL 


*  Diamond  pyramid  hardness  (DPH)  cxawersions. 


FWA  1480  (Single  Crystal) -  cxanfirmed 


No  Recaiirement _ _  HRC  41~48  * 

N/A _ _ ^ _ N/A 


SUMMARY;  First  stage  turbine  vane  exhibited  micrtx^racks  in  the  laser 
drilled  cooling  holes  on  the  airfoil  surface.  Ihe  q^ened  crack  surfaces 
were  shallow  and  heavily  oxidized.  Ihe  only  fracture  features  visible  were 
mud-cracks  catironly  associated  with  IMF.  ihe  second  stage  turbine  vane  had 
ti^t  cracks  running  rou^y  axially  in  the  airfoil/platform  fillet.  Ihe 
opened  crack  surfaces  were  oxidized  but  exhibited  several  very  clear  sets 
of  arrest  lines  (beach  marks) . 
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EAL  88111  MAG:  3/4X  EAL  88112  MAG:  3/4X 


FIGURE  10-71;  Overall  photograph  of  the  FIGURE  10-72:  Aft  view  of  the 
first  stage  turbine  vane,  forward  looking  first  turfaine  vane, 
aft.  Microcraclcs  prcpagated  from  the 
comers  of  the  cooling  holes. 


EAL  93448  MAG:  30X  EAL  93449  MAG:  300X 


FIGURE  10-73:  Photograph  showing  shallow  FIGURE  10-74:  Close-up  of  the 
IMF  crack  surface  originating  in  the  priitary  origin  area  eadiibiting 

oomejT  of  cooling  hole  (black  arrow) .  only  heavy  caddaticai. 

Ihe  crack  then  propagatM  from  multiple 
origins  on  the  outside  surface  (left) . 
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CXitboard 


Outboard 


FAL  88115  MAG:  7/8X  FAL  88116  MAG;  7/8X 


FIGURE  10-75:  Overall  photograph  of  the  FIGURE  10-76:  Aft  viw  of  tlie 
second  stage  vane,  forward  looking  aft.  second  stage  turbine  vane. 

Ihermal  distress  is  visible  in 
several  areas. 


FAL  93452  MAG;  lOX  FAL  93453  MAG;  lOOX 


FIGURE  10-77:  Overall  photograph  of  an  FIGURE  10-78;  Higher  magnifica- 
c^jened  airfoil/0. D.  platform  fillet  crack,  tion  photograph  showing  arrest 
The  origin  area  is  indicated  by  an  arrow,  marks  in  the  origin  area. 
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FIGURE  10-80:  Hi^er  magnification 
photografii  of  the  banded 
striations.  Fine  striations  are 
separated  by  coarse  striations 
(arrcws) . 


FAL  93456  MAG;  lOOOX 


FIGURE  10-81;  Oxidized  fatigue  striations. 


FIGURE  10-79;  Banded  striations 
indicating  ICF.  Brackets  separate 
different  striation  icings. 
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MP~159  (Cobalt-Based  Alloy) 


Material  neanription 

MP-159^is  a  ocibedt-nickel-<iTrcxni^  alloy  that  has  very  hi^  strength 
vp  to  1100  F.  It  also  has  excellent  resistance  to  corrosion,  stress 
corrosion  cracking  and  cre^.  It  is  generally  processed  by  vacuum 
induction  plus  vacuum  consumable  electrode  melting,  solution  treating,  work 
hardening  and  precipitation  hardening. 

The  material  used  in  this  study  was  heat  treated  to  AMS  5843  with  a 
required  hardness  of  HRC  44  min.  The  typical  rocm  tenperature  mechanical 
properties  for  AMS  5843  (bar)  are  as  follows: 


Ultimate  Tensile  Strength  (min) ; 
0.2%  Yield  Strength  (min) : 
Percent  Elongation  (min) : 
Percent  Reduction  in  Area  (rain) : 

ASTM  Grain  Size; 

Measured  Kardness: 


260  ksi 
250  ksi 
6% 

22% 

Rec|uired _ Measured 

4  or  finer  oocas.  2  10.5 

HRC  42-47 


Fractoararhv  Overview 

,  0 

Notched  and  smooth  t^ile  tests  were  run  at  1100  F.  The  smooth 
^)ecimen  fractured  on  a  45  angle  to  the  stress  axis  and  e^dndbited  shallow 
shear  dinples  over  the  entire  fracture.  The  notched  specimen  exhibited 
coarse  de^  equiaxed  diirples  in  the  center  of  the  ^jecimen  and  shallow 
equiaxed  and  shear  simples  in  the  final  overstress  area.  Jhrticles  were 
visible  associated  with  scnve  of  the  dimples  in  both  areas.  The  stress 
r\pture  specimen  e>diibited  deep  features  macrosccpically  but  shallow 
dimpled  rupture  on  a  microsccpic  scale.  Deep  voids  and  second  phase 
particles  were  visible  in  the  fracture  ocmposed  of  very  shallow  equiaxed 
diitples  in  the  primary  rupture  area  and  shear  dimples  near  the  edge  of  the 
^>ecimen. 

.  .  o  o 

Smooth  HCF  ^jecimens  were  run  at  room  temperature  800  F  and  1100  F. 

The  two  Icwer  taiperature  fractures  were  quite  similar  exhibiting  cleavage 
in  the  Stage  I  fatigue  area,  follc^^d  by  very  fine  striations  on  plateaus 
separated  ^  st^  and  feathery  cleavage.  Towards  the  end  of  the  fatigue 
progression  the  striations  covered  a  higher  peroen^ge  of  the  fracture  ^id 
were  substantially  coarser  particularly  on  the  800  F  specimen.  The  800  F 
specimen  also  had  deep  voids  in  this  area.  Final  overstress  on  both 
specimens  occurred  by  coarse  sliear  dijg)led  overstress.  Many  of  the  dimples 
had  ripples  on  their  walls.  The  1100  F  specimen  had  a  single  origin  near 
the  center  of  the  specimen.  Features  were  visible  radiating  outward  from 
the  origin.  No  defects  were  found  at  the  origin  (Stage  I)  vhidi  exhibited 
cleavage  features  similar  to  the  lower  temperature  ^)ecimen.  The  final 
overstress  area  exhibited  poorly  defined  dimples  and  de^  voids.  No  shear 
lip  was  found. 
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Two  notched  I£F  specimens  and  one  smooth  ICF  specimen  were  examined. 
The  smooth  ICF  ^jecimen  fractured  in  20  cycles  and  exhibited  a  a^and-ccaie 
tensile  fracture  with  a  very  large  shear  lip.  Both  notched  ^secimens 
eadiibited  fatigue  propagation  from  multiple  origins  in  the  base  of  the 
notch.  The  rgcni  tenperature  ^jecimen  had  fatigue  prcpagation  in  a  cr^oent 
extending  270  around  the  ^)ecimen.  The  final  overstress  occurred  in  a 
circular  she^jed  region  ejdubiting  coarser  features.  No  local  origins  oculd 
be  identified  on  either  specimen.  Coarse  striations  with  sente  voids  were 
visible  from  near  the  base  of  the  notch  jjntil  final  overstress  occurred  by 
eguiaxed  dinpled  overstress.  The  1100  F  specimen  e^diibited  similar 
features  except  the  striations  were  coarser  gnd  more  well  defined,  and  the 
fatigue  propagated  from  multiple  origins  360  around  the  specimen. 

TVro  TMF  ^)ecimens  were  run;  one  in-phase  and  one  out-of-phase.  The 
in-^hase  ^jecimen  had  seven  thumfcnail  areas  indicating  propagation  from 
origins  on  the  O.D.  surface.  The  origin  areas  e^diibited  Stage  I  fatigue 
facets  with  fatigue  striations  visible  adjacent  to  the  origins.  Coarse 
striatiexTs  and  cradc-liJee  striations  dominated  the  fatigue  propagaticai 
area,  Stage  II.  The  out-of -phase  specimen  had  a  single  O.D.  origin 
thumkaviil.  The  fatigue  origin  area  had  several  localized  surface  origins. 
The  progression  area  (Stage  II)  both  neeir  the  origin  and  away  from  the 
origin  ejdiibited  oxidized  striaticsis  and  crack-1  iJ<e  striations.  Final 
overstress  on  both  specimen  occurred  by  a  mixture  of  equiaxed  tensile  and 
shear  dinpled  overstress. 
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WATERTAT. 


MP-159 
AMS  5843 

DftHiaL 

■TEST  IVFE 
Smooth  Tensile 

lEETT  CXMJinaiS 

Strain  Hate:  0.005  nitv'itnv'min  (0.005  iiVijVinin) 

Atmosphere:  Air 

Tenperature:  593  C  (1100  F) 

Test  Direction:  Longitudinal 

TEST  RESUITS 

0.2%  Yield  Strength:  1323.8  MPa  (192  ksi) 

Ultimate  Strength:  1392.7  MPa  (202  ksi) 


FAL  94242  MAG:  lOX 


FIGURE  11-1;  Test  results  ard  fractograpiiy  of  MP-159  593  C  (1100^)  saaooth 
tensile  test.  Ihe  fracture  surface  was  oriented  at  an  angle  of 
ajprcodmately  45°  to  the  stress  axis. 
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FAH  100280 


MAG;  lOOX 


FIGURE  11-2:  Optical  photomicrograph  showing  grain  deformatioii  along  th6 
fracture  surface  which  is  oriented  at  an  angle  to  the  prinary  stress  axis, 
Ihe  fracture  was  prodoKiinantly  transgranular. 

Etdxint:  HCl  and  M^O^  electrolytic 
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EAM  99335 


MAG;  20X 


FIGURE  3.1-3;  Ixw  magnification  pJiotograpii  showitig  relatively  flat  fracture 
that  occurred  at  an  angle  to  the  stress  axis. 
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FAM  99386 


HAG;  SOX 


FIGURE  ll*-4;  Higher  magnification  photcagrapii  of  the  center  of  the  fracture 
surface^  sfio(«;ing  shear  diiiplGS. 
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EAM  99387 


MAG:  lOOOX 


FIGURE  lX-5:  Shear  dirpled  overstress. 


FIGURE  11-6:  Higher  magjiification  photograph  of  shallow  shear  diinpled 
overstress  that  ooverod  the  cintire  fracture  surface. 
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MaatKEftL 


MP-159 
AI>SS  5843 

TRFfT  DRIA 

TESr  TYPE 
Notdied  Tensile 

TEST  oc»rom(»?s 

Crosshead  Speed:  1.27  inr0nin  (0.05  iiVmin) 
Atnosf^re:  Air 

Tenperature:  593°C  (1100°F) 

Test  Direction;  longitudinal 

TEST  RESUIITS 

Data  not  available. 


EAL  94238  MAG:  14X 


FIGURE  11-7:  Test  results  and  fractograpl^y  of  HP-159  593°C  (1100°F) 
notd^  tensile  test.  Ihe  fracturts  surface  has  a  grarmlar  appearance. 
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FIGURE  11-8:  Optical  photcsnicrograplis  shaving  the  center  (top)  and  edge 
(bottan)  of  the  fracture.  Ihe  fracture  path  is  transgranular  with  diirples 
visible  (arrows) . 

Etchant:  HCl  and  H2O2  electrolytic 
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FAM  99380 


MAG:  SOX 


FIGURE  11-9:  Law  magnification  photograph  shwing  fracture  surface  to  be 
relatively  flat.  Even  at  low  magnification,  equiaxed  dijtples  are  visible. 


FAM  99381  MAG:  200X 


FIGURE  11-10:  Coarse  dinpled  overstress  with  voids  at  the  bases  of  diijples 
(arrows) . 
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FIGURE  11-11:  Higher  magnification  photograf^  of  the  area  shown  in  Figure 
11-10,  eodiibiting  a  mixture  of  laige  sliallcw  ditiples  and  deep  voids.  Second 
phase  particles  (carbides)  are  visible  in  several  locations  (arrows) .  Ihe 
entire  fracture  surface  is  covered  by  a  light  oxide. 


FIGURE  11-12:  Shallow  diuiples  in  the  final  overstress  area  near  the  edge 
of  tliQ  specimen. 
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FIGURE  11-13:  Shallow  diicples  in  the  final  overstress  area.  De^  voids 
are  visible  in  several  locaticsis  (arrows) . 
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MflIERlAL 


MP-159 
AMS  5843 

TEST  DATA 

TEST  TYPE 
Stress  RL5Jture 

TEST  CmPmONS 

Stress:  '  1103.2  MPa  (160  ksi) 

Atmoqiiere:  Air 

Tenperature:  649°C  (1200°F) 

Test  Directioi:  Ixa^itudinal 

TEST  RESULTS 

Time  to  Rupture;  22.9  hours 

%  Elongation:  16.8 

%  Reduction  of  Area:  50.5 


FIGURE  11-14:  Test  results  aix3  fractograpliy  of  MP-159  649°c  (1200°F) 
stress  rupture  test,  live  fracture  surface  appears  oxidized  and  has 
fractures. 
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FAM  100186  HAG:  lOOX 


FIGUI?E  11-15:  C^tical  photomicrxDgraphs  of  the  ceiiter  (tt^)  and  an  edge 
(bottc<n)  of  the  ^jeciiivan,  exhibiting  intengranular  din^^led  overstress  in 
the  csenter  and  a  large,  well  defined  shear  lip  at  the  e^e. 

Etdrant:  HCl  and  H2O2  electrolytic 
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EAM  98750  MAG:  SOX 


FIGURE  11-16:  I/rw  nagnification  photograph  shewing  void  cxalescenoe  near 
the  center  of  the  specimen  and  a  large  shear  lip  at  the  edge  of  the 
specimen.  A  bracket  shows  the  extent  of  tlie  shear  lip. 


FAM  98751  MAG:  200X 


FIGURE  11-17:  Higiier  tiagnification  view  of  the  primary  fracture  area  in 
the  center  of  tlie  specinKn.  Dimpled  overstress  ai'd  void  coalescence  is 
clearly  visible. 
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FAM  98752  MAG:  lOOOX 


FIQJRE  11-18:  ShallcK^  dinpled  overstr'ess  with  void  coalescsenoe  (arrows  A) 
near  the  center  of  the  specimen  in  the  priitary  fracture  area.  Several 
carbides  are  visible  (arra«®  B) . 


FAM  98753  MAG;  3000X 

FIOJRE  11-19:  Higher  magnification  photograpli  of  the  area  shown  in  Figure 
11-18,  slwwing  overstress  dimples  and  coalesed  voids. 
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FIGURE  11-21:  Higlier  magnification  piiotograpii  of  tlia  specimen  edge,  Figure 
11-20,  showing  sh2dlciw  shear  dimples. 
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MMEEqM. 


MP-159 
AMS  5843 

issr  Egvm 


TEST  TYPE 
Smooth  HCF 


TEST  CX^roriTCTJS 
Stress: 

Stress  Ratio: 
Frequency: 
Atmosphere: 
Tenperature; 
Test  Direction: 


999.7  MPa  (145  ksi)/99.9  MPa  (14.5  ksi) 

0.10 

1800  cpra 
Air 

Room  Tenperature 
longitudinal 


TEST  RESULTS 

Cycles  to  Fracture:  238,500 


FAL  94374  MAG:  15X 


FIGURE  11~22:  Test  results  and  fractograj^y  of  MP-159  roan  totperature 
smooth  HCF  test.  The  fatigue  origin  area  (arrxw)  aixi  propagatiai  plane  are 
not  clearly  diocomible. 
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PAH  100282  MAG:  200X 

FIGURE  11-23:  Optical  photauicrograplis  sliwiiig  tlie  fatigue  progressicai 
area  (tcp)  and  the  final  overstress  area  (bottan) .  Ihe  fatigue  progressed 
ctfi  a  plane  perpendicular  to  tlie  stress  axis  witli  little  grain  defortnation 
in  the  grains  adjacent  to  the  fracture.  'Hie  fracture  patli  is  prxidonvtnantly 
transgranular.  Final  overstress  occurred  at  an  aiigle  to  the  prijnary  stress 
axis  and  was  aocoupanied  grain  elcaigatioji  (bracket,  bottaa) . 


Etchant:  HCl  and  11202  electrolytic 
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FAM  99544  MAG:  20X 

FIOJRE  11~24;  Low  niagnificaticm  photograp^  shewing  fatigue  initiation 
(artxw)  and  progtression  on  a  plane  approximately  perpendioilar  to  the 
stress  axis.  Hie  fatigue  pixigression  area  appears  to  be  more  granular  than 
the  surrourwir>3  overstress  area.  Hie  final  ovarstress  fracture  ocxairrad  at 
an  angle.  Features  can  be  seen  radiating  frean  tiie  origin  area. 


FAM  99545  MAG:  SOX 


FIGURE  11-25:  Higher  magnification  vie*;  of  tiie  origin  area.  Hie  features 
are  radiating  from  a  diffuse  origin  area  (arrow) . 
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EAM  99546  MAG:  200X 

FIOJPE  11-26;  Fatigue  steps  and  featliery  cleavage  in  the  origin  area. 


FIGURE  11-27;  Higher  magnification  view  of  the  origin  area  shown  in  Figure 
11-26,  exhibiting  a  faceted  ajpearanoe.  A  void  is  visible  (arrow,  right) 
but  it  does  not  appecur  to  have  contributed  to  fatigue  initiation. 
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FAM  99548  MAG;  lOOOX 

FIGURE  11-28:  Fatigue  progression  near  the  origin  area.  Ihe  general 
direction  of  propagation  is  frcra  bottom  to  top  of  the  photograph. 


FAM  99549  MAG:  3000X 


FIGURE  11-29;  Higher  magnification  view  of  tlie  fatigue  progression  near 
the  origin  area  shewing  fine  fatigue  striations  on  numerous  plateaus 
(arrows).  Individual  striations  are  not  resolvable. 
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EAM  99551  MAG:  lOOOX 


FIGURE  11-30:  Fatigue  progression  area  away  from  the  origin  shewing 
coarser  striations  and  crack-like  striations,  indicating  localized 
prc^jagaticMi  in  several  directions  (arroura) . 


FAM  99552 


MAG:  3000X 


FIGURE  11-31:  Higher  magnification  view  of  the  cu:ea  shown  in  Figure  11-30, 
blowing  fatigue  striatiojis  and  crack-like  striations. 
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FAM  99542  MAG:  200X 


FIGURE  11-32:  Final  averstress  area  shewing  a  nuxture  of  eqoiaxed  and 
shear  diitples. 


Vi 


FAM  99543  MAG:  lOOOX 


FIGURE  11-33:  Higher  niagnification  view  of  the  area  shewn  in  Figure  11-28 
shewing  reimant  shear  dimples  and  voids  (arrow  A  ) .  Serpentine  glide 
ripples  are  visible  in  the  dimples  (arrow  B) . 
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MATRRTAT. 


MP-159 
AMS  5843 


TEST  DMCA 

TEST  TYPE 
Smooth  HCF 


TEST  oraromcajs 
Stress: 

Stress  Ratio; 
Frequency; 
Atmosphere; 
Tertperature; 
Test  Direction: 


965.3  MPa  (140  ksi)/96.5  MPa  (14.0  ksi) 

0.10 

1800  cpm 

Air 

427  C  (800  F) 
longitliiinal 


TEST  RESULTS 

Cycles  to  Fl'acture:  692,000 


FAL  94378  MAS;  15X 


FIGURE  11-34;  Test  results  and  fractograj^y  of  MP-159  427°C  (800°F)  smooth 
HCF  test.  Hie  origin  and  fatigue  progression  area  are  not  clearly 
disoeiTiiblQ. 
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FAN  100181  MAG:  lOOX 

FIGURE  11-35:  C^tical  photondcrograpJxs  aliwing  the  fatigue  progressic»i 
atBa  (tcp)  and  the  final  ovet^tress  area  (bottaii) .  Ihe  fatigue  progressed 
witii  little  grain  deformation  in  the  grains  adjacent  to  the  fracbire.  Final 
ovexTstress  was  aoccwpanied  by  grain  elongation  (bracket,  bottom) . 

Etchant:  HCl  and  HL0_  electrolytic 


FAM  99554 


CF  ,  ■  / 800'F 


MAG:  50X 


FIGURE  11-36:  lew  magnification  photograph  shewing  fatigue  initiation  and 
prxsgression  on  a  plane  aj^roximately  perp^icular  to  the  stress  axis.  Bie 
fatigue  progression  area  appears  to  be  more  granular  than  the  surrounding 
overstress  area.  Ihe  firal  overstress  occurred  at  an  angle  to  the  stress 
axis.  An  arrew  indicates  the  origin  area. 


FAM  99555  MAG:  200X 


FIGURE  11-37:  Higher  magnification  view  of  the  origin  area,  showing  no 
discernible  features. 
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FIGURE  11-40:  Hi^er  magnification  view  of  the  area  shewn  in  Figure  11-39. 
Fine  fatigue  striations  are  visible  on  several  plateaus  s^arated  by 
fatigue  st^.  The  direction  of  pre^gation  is  shewn  by  an  arrew. 
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FM  99564  MAG:  lOOOX 


FIGURE  11-42:  Relatively  coarse  striations  in  the  fatigue  progression  zone 
away  frcm  the  origin  area  (conpai^  to  Figure  11-39) .  Sane  void  coalescence 
is  also  visible  (arrow) . 


FAM  99565  MAG:  3000X 


FIGURE  11-43:  Higher  magnification  pliotograpli  of  tlie  fatigue  striations 
shown  in  Figure  11-42. 
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EAM  99566  MAG:  200X 


FIGURE  11-44:  Shear  diirples  in  the  final  overstress  area.  The  directions 
of  relative  motion  is  shewn  by  axxcA'is. 


FAM  99567  MAG;  lOOOX 


FIGURE  11-45:  Higher  magnification  pliotograf^i  of  tlie  final  overstress  area 
shown  in  Figure  11-44,  again  shewing  sliear  diinples. 
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MaaiRiAL 


MP-159 
AMS  5843 


TRgP  reVTA 


TEST  TyFE 
Smooth  HCF 


TEST  OMromcNs 
Stress; 

Stress  Patio: 
Fre<}aency; 
Atmo^ihere: 
Teirperature; 
Itest  Direction: 


896.3  MPa  (130.0  ksi)/89.6  MPa  (13.0  Icsi) 

0.10 

1800  cpm 
Air 

593  C  (1100  F) 

Longitudinal 


TEST  REsmns 

Cycles  to  Fracture:  1,050,000 


FAL  94376  MAG:  15X 


FIGCJRE  11-46:  Test  results  and  fractography  of  MP-159  593°C  (1100°F) 
smootli  HCF  test.  Fatigue  initiated  frojn  an  internal  origin  (arrow) . 
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PAM  100285 


i"  ■■ 

MAG:  200X 


FIGURE  11-47;  Optical  photomicrographs  shewing  the  fatigvie  progression 
area  (top)  and  the  final  overstress  area  (bottan) .  Ihe  fatigue  progressed 
^  a  plane  perpendicular  to  the  stress  axis  witii  little  grain  defomaticxi 
in  the  grains  adjacent  to  tlie  fracture.  Final  overstress  occurred  at  an 
angle  to  the  prinary  stress  axis  and  was  aocemponied  by  grain  elongation 
(brackets,  bottom) .  Oxidation  is  visible  on  the  fracture  surfacse  and  on 
the  gage  section  (ccnpeuie  with  Figures  11-23  tiirougi;  11-35) .  Hie  fracture 
was  predcxainantly  transgranular. 

Etchant:  HCl  and  H2O2  electrolytic 
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FAM  99568  MAG;  20X 


FIGUKE  11-48:  Ixw  magnification  photograpli  showing  fatigue  initiation  at 
an  internal  origin  (arra'/).  Features  can  he  seen  radiating  frxan  the 
origin. 


FAH  99569  MAG:  SOX 


FIGURE  11-49:  Higher  magnification  view  of  tl;o  origiji  area  near  tho  center 
of  the  fracture  surface.  No  material  defects  were  found  associated  with 
the  orighi. 
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EAM  99571  MAG:  200X  ■ 


FIGURE  11-50:  Hi.^^er  magnification  view  of  the  origin  ^cwn  in  Figure 
11-49-  No  defects  are  visihle- 


FAM  99572  MAG:  lOOOX 


FIGURE  11-51;  Remnant  fatigue  striations  in  the  fatigue  progression  area, 
Ihe  direction  of  propagation  is  shewn  by  an  arrow . 
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MVEERIMi 


MP-159 
AMS  5843 

TRf?r  DROA 

TEST  TyPE 
Notched  I£F 

TEST  (XMPrnC^S 

Stress;  1551.3  MPa  (225.0  ksi)/77.6  MPa  (11.3  ksi) 

Stress  Ratio:  0.05 

Frequency:  1800  cpm 

Atmosphere:  Air 

Tenperature:  Room  Teirperature 

Test  Direction;  Longitudinal 

TEST  RESULTS 

cycles  to  Fracture:  9700 


FAL  94379  MAG:  14X 


FIGURE  11-55;  Test  results  and  fractograply  of  MP-159  room  tanperature 
notched  LCF  test.  The  fatigue  propagated  frcsn  along  the  surface  in  a 
crescent  extendii-ig  75%  of  tlie  way  arouixi  the  specinven.  The  final 
cwerstress  area  is  a  circular  shaped  region  exl^ibiting  coarser  features. 
The  extent  of  the  fatigue  is  shewn  by  arrows. 
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FIGURE  11~56:  Optical  photomicrographs  shewing  the  fatigue  progression 
area  (t(^)  and  tlie  final  overstress  area  (bottom) .  Hie  fatigue  progressed 
with  little  grain  deformation  in  the  grains  adjacent  to  the  fracture. 
Final  overstress  area  eidiibits  grain  deformation  and  dinpled  overstress 
features.  Hie  fatigue  progressicai  is  predominantly  transgranular. 


Etchant;  HCl  and  H2O2  electrolytic 
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ERM  99515  MRG:  50X 

FIGURE  11~57:  IcM  magnification  photograph  shewing  fatigue  initiation  and 
progression  on  a  plane  perpendicular  to  the  stress  axis.  The  fatigue 
progressicai  aj^jears  smoother  then  the  final  overstress  area. 
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FAM  99516  MAG;  200X 

FIGURE  11-58:  Higher  magnification  view  of  the  surface  of  tlie  specimen. 
No  localized  origin  area  is  visible. 
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EAM  99517  MAG:  lOOOX 


FIGURE  11-59:  Fatigue  origin  area  at  the  surface  of  the  specimen  at  the 
base  of  the  notch.  Machining  lines  are  visible  adjacent  to  the  fracture. 
Remnant  fatigue  features  are  visible  just  inboard  of  the  notch  surface 
(arrcw) .  No  localized  origin  can  be  identified. 


FIGURE  11-60;  Higher  mgnification  view  of  tlie  remnant  striations  shown  in 
Figure  11-59.  Ihe  direction  of  prc^gation  is  shown  by  an  arrcw. 
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PAM  99519  MAG:  lOOOX 


FIGURE  Fatigue  propagation  area  esdiibiting  remnant  striations  and 
crack-like  striations.  Ihe  direction  of  propagation  is  fioan  bottcsn  to  top 
of  the  photograph. 


FIQJRE  11-62;  Higher  magnificatican  view  of  the  area  shown  in  Figure  11-61. 
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FAM  99522  MAG:  3000X 

FIGURE  11-64:  Higher  magnification  view  of  the  area  shown  in  Figure  11-63. 
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MAfTTOTAL 


MP^159 
AMS  5843 

TEST  EKEA 

TEST  TYPE 
Notched  ICF 


TEST  CX3NDrnONS 

Stress:  896.3  MPa  (130  ksi)/89.6  MPa  (13  ksi) 

Stress  Ratio:  0.10 


Frequency: 
Atmosphere: 
Teirperature: 
Test  Direction: 


30  cpm 
Air 

593°C  (1100°F) 
longitudinal 


TEST  RESUIirS 

cycles  to  Fracture;  3100 


PAL  94380  MAG;  14X 


FIGURE  11--65:  Itest  results  and  fractography  of  MP-159  593°C  (1100°F) 
notdied  IGF  test.  Iha  fatigue  prc^gated  from  along  tlie  base  of  the  notch 
360°  around  the  specimen.  Arrowheads  indicated  the  extent  of  the  fatigue. 
The  final  overstress  occurred  roughly  near  the  center  of  the  specimen, 
exhibiting  coarser  features. 
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FM  100290 


MftG;  lOOX 


FIGWRE  11“66:  Optical  photcsuicrograpiis  shaving  the  fatigue  progressicsi 
a:^  (top)  and  tlie  final  overstress  area  (bottom) .  Ihe  fatigue  progressed 
with  little  grain  deformation  in  the  grains  adjacent  to  the  fracture.  Ihe 
final  overstress  area  exliibits  grain  deformation  and  dimpled  overstress 
features.  Ohe  appearance  of  the  fracture  path  is  transgranular,  very 
similar  to  the  room  tenperature  specimen  (Figure  11-56) . 

Etchant;  HCl  and  H2O2  electrolytic 


FAM  99524 


MAG;  SOX 


FIGURE  11-67:  Low  magnification  photograph  showing  fatigue  initiation  and 
progression  that  ajpears  to  be  relatively  flat.  The  features  beccsne 
progressively  coarser  at  locations  away  from  the  surface  of  the  specimen. 


FAM  99525  MAG:  200X 


FIGURE  11-68:  Higher  magnification  view  of  the  origin  area  at  tlie  base  of 
the  notch.  Fatigue  striations  are  visible  even  at  this  low  magnification 
(arrow  A) .  Machining  lines  are  visible  adjacent  to  tlie  fracture  (arrows 
B). 
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FAM  99526  MAG;  lOOOX 


FIGURE  11-69;  High  magnification  photograph  shewing  fatigue  striations 
near  the  origin.  Ihe  direction  of  pre^gation  is  from  bottom  to  tc^  of  the 
photograph. 


FAM  99527  MAG;  3000X 


FIGURE  11-70:  Higher  magnification  photograpl;  of  the  area  slicwn  in  Figure 
11-69.  Oxidized  striaticais  can  be  seen  pre^gating  on  several  plateaus 
separated  by  steps. 
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FIGURE  11-71:  Vfell  defined  striations  in  the  fatigue  propagation  area. 
The  directic»i  of  propagation  is  from  bottau  to  tqj  of  the  ^otograph. 


FIGURE  11-72:  Higher  nagnification  view  of  the  area  shown  in  Figure  11-71. 
Well  developed  striations  can  be  seen  propagating  on  adjacent  platoaxis 
separated  by  a  step.  Bracket  contains  ten  striations. 
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FM  99531  F®G:  200X 


FIGURE  11-73;  Conical  equiaxed  diirples  and  voids  in  the  final  overstress 
area. 


FM  99532  MftG;  lOOOX 


FIGURE  11-74;  Higlier  magnification  photogra0i  of  tiie  final  overstress  area 
revealing  sliallow  diirples  (arrows  A)  and  deep  conical  voids  (arrows  B). 
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MMEUMi 


MP-159 
AMS  5843 

TEST  DR53V 

TEST  TYEE 
SitOOth  ICF 


TEST  0CM3inaiS 
Stress; 

Stress  I^tio: 
Frequency; 
Atmosphere; 
Teaiperature; 
Test  Direction; 


1551.3  MPa  (225  ksi)/77.5  MPa  (11.3  ksi) 

0.05 

353  cpn 

Air 

Kccm  Terrperature 
longitudinal 


TEST  RESUinS 

cycles  to  Fracture;  20 


FAL  94377  m&t  ISC 


FIGURE  11-75;  Test  results  and  fractograp^y  of  HI^159  rcsoiti  tenperature 
smooth  LCF  test.  No  evidence  of  fatigue  is  visible.  A  central  area  of 
primary  overstress  and  a  large  shear  lip  daiunate  the  fracture. 
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mi  99533  MRG:  20X 


FIGURE  11-77;  Lew  magnification  photograph  shewing  a  central  primary 
overstress  area  and  a  large  final  overstress  area  (shear  lip) .  No  evidence 
of  fatigue  is  visible. 


99534  MAG;  200X 

FIGURE  11-78;  Shear  diitples  in  the  final  overstress  area. 
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WATKRTAT. 


MP-159 
AMS  5843 


ttctt  mm 

TEST  TOPE 
IMF,  In-Ehase 


1169  MPa  (162  ksi)/-1507.8  MPa  (-218.7  ksi) 
-1.35 
2  cpn 
Air 

260°C  (500°F)/593°C  (1100°F) 

Longitudinal 

TEST  RESULTS 

cycles  to  Fracture:  3390 


TEST  oaroinc^s 
Stress: 

Stress  Ratio: 
Frequency: 
Atmosphere: 
Tenperature: 
Test  Direction: 


FAL  94629  MAG:  8X 


FIGURE  11-79 :  Test  results  and  fractograpiiy  of  MP~159  in-phase  TMF  test. 
Seven  thumbnails  are  visible  propagating  from  origins  (arrows)  along  the 
outside  surface  of  tlie  ^)ecimen.  The  thuitibnails  appear  to  be  heavily 
Qiddized. 
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FKaJRE  11-80:  Optical  photcndcrograplis  shwing  a  priitary  thermal- 
mechanical  fatigue  prxjgression  area  (tcp)  and  a  secondary  crack  in  the  gaga 
section  (bottom) .  strain  lines  are  visible  in  both  pliotographs  (arrows) . 
Ihe  prim^Y  prcjgression  surface  e)dubits  caddaticai  (vMte  arrows,  top) . 


Etchant;  HCl  and  11^02  electrolytic 
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EAM  99701 


MAG;  SOX 


FIGURE  11-81:  iTM  magnification  photogra^i  of  one  fatigue  thumbnail.  Ihe 
fatigue  progression  area  exhibits  a  more  granular  aj^jearance  than  the 
surrounding  overstress  area. 


FAM  99702  MAG:  200X 


FIGURE  11-82:  Stage  I  fatigue  facet  at  one  of  several  origins  in  the 
thumbnail  (arrcM  A) .  Features  indicative  of  iatigue  are  visible  (artxjw  B) . 
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EftM  99706  I®G:  lOOOX 


FIGURE  11-83;  Hi^er  magnification  photograph  of  an  area  near  the  origin. 
Fatigue  striations  are  visible  indicating  divergent  directions  of 
prc^gation. 


FAM  99703  MAG;  3000X 


FIGURE  11-84;  Higher  magnification  view  of  the  fatigue  striations  shown  in 
Figure  11-83.  Ihe  direction  of  prqiagation  is  shown  by  an  arrow. 
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EAM  99704  MftG:  lOOOX 


FIGURE  11-85:  Fatigue  prc^gation  area  eadiibiting  striations  and 
carack-like  striations.  Ihe  direction  of  propagation  is  fran  bottcm  to  top 
of  the  photograph. 


FIGURE  11-86;  Higher  magnification  view  of  the  area  shown  in  Figure  11-85 
exhibiting  striations  and  crack-like  striations. 
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EftM  99708  MftG:  200X 


FIGURE  11-87:  Mixture  of  ^ear  and  equiaxed  diitpled  overstress  in  the 
final  fracture  area. 


FIGURE  11-88:  Higher  magnification  view  of  the  final  overstress  area 
exhibiting  a  mixture  of  shear  (arrow  A)  and  equiaxed  (arrow  B)  dimples. 
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MP-159 
AMS  5843 


T^T  DBJai 

TEST  Type 
TMF,  Out-of  Phase 

TEST  OONDinQNS 

Stress:  1344.5  MBa  (195  ksi)/--1167  MPa  (169.7  ksi) 

Stress  Ratio:  -0.87 

Frequency:  2  cpn 

Atitosphere:  Air 

Itertperature:  260  F  (500°F)/593  C  (1100  F) 

Test  Direc±ion:  longitudinal 

TEgr  RESUITS 

cycles  to  Fracture:  2779 


FAL  94628  MAG:  8X 


FIGURE  11-89:  Test  results  and  fractcjgraphy  of  MI^159  out-of-phase  TMF 
test.  .An  oxidized  thumbnail  indicates  propagation  frcsn  the  outside  surface 
(arrow)  of  the  ^lecimen. 
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MAG:  200X 


I..  *  {  •( 


FAM  100278 


MAG:  lOOX 


FIGURE  11-90;  Optical  photcmicrographs  shwing  the  primry  thernial- 
mechanical  fatigue  picgressicai  area  and  a  secondary  crack  in  the  gage 
section  (top)  and  the  final  overstress  area  orient^  at  an  angle  to  the 
stress  axis  (bottom) .  Strain  lines  eure  visible  in  both  photographs 
(arrows  A) .  Hie  primary  progressicxi  surface  exhibits  oxidation  (arrows  B) 

Etchant:  HCl  and  H2O2  electrolytic 


I 


EAM  99710 


MRG:  SOX 


FIQJRE  11-91:  Lew  magnification  photograph  shewing  fatigue  initiation  and 
progression  (thumbnail) ,  A  secondary  crack  is  visible  on  the  specimen 
surface  (arrow). 


EAM  99711  MAG;  200X 


FIGURE  11-92;  Higher  magnification  view  of  the  origin  area.  No  fatigue 
striations  are  visible  at  this  magnification  (compare  to  Figure  11-82) . 
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FIGURE  11-94:  Iligl^er  magnificaticsi  pliotograpli  of  tlie  area  sliown  in  Figure 
11-93.  Reninant  orack-like  striaticms  are  visible,  lljye  direc±ion  of 
propagation  is  shown  by  an  arrow. 


FIGURE  11-95:  Fatigue  progression  near  the  end  of  the  thumbnail  eadiibiting 
clearly  defined  fatigue  striations  (ccsncpare  to  Figure  11-93) . 


FAM  99716  MAG:  3000X 


FIGURE  11-96:  Hi^er  magnification  view  of  a  portion  of  the  area  shewn  in 
Figure  11-95,  shewing  crack-lilce  striations. 
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EftM  99717 


MAG:  200X 


FIGURE  11-97:  Fiml  overstress  area  ejdiibiting  shear  dinpled  overstress. 
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FAM  99718 


MAG:  lOOOX 


FIGURE  11-98;  Hi^er  magnification  photograph  of  the  final  ovenstress  area 
(Figure  11-97)  exliibitiiig  shallow  diiicples  and  deep  voids  (arrows) . 
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SERVICE  FATTURE 


ERACrURE  Ma]E  Fatigue  (Probable  HCF^ _ _ _ 

PART  NAME  First  Stage  TurbiJTe  Stator  Vaiie  Feather  Seal 
OKRATION  DATA  Feather  seals  were  subjected  to  cyclic  loading. 
PART  TIME  71.7  hours' _ 


REQUIRED 


ACTUAL 


BASE  _  _  Havnes  188  fOo-base  alloy)  -  cx)nfinned 

MAT'L 


OIHER _ :: _ _ ^ = _ 

BARENESS _ ^ _ No  Requirement _ _  HI«:  22-26  * 

GRAIN  SIZE _ ASTM  average  4  or  finer  -  ASTM  7-8" 

DIMENSIONAL  Ihickness:  0.009-0.011  uxAi  - 0.010-0.012  inch 


*  Diaincaid  pyramid  hardness  (DEH)  conversions. 


SUMMARY:  Several  feather  seals  in  the  set  were  found  to  be  cracked  vAien  the 
engine  was  disassembled  follcwing  a  lew  turbine  incident.  Ihe  fracture 
ejdiibited  relatively  fine  fatigue  striations  (probable  HCF)  propagating 
from  niiltiple  origins.  No  material  or  microstructural  defects  were  found. 
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IMi  93418  MAG;  lOX  EAL  93352  MAG;  lOOX 

FIGURE  11-99:  Overall  photogr^  of  the  FIGURE  11-100:  One  of  several 
fractured  feather  seal.  possible  origin  areas  (arrow} . 


FAL  93417  MAG:  lOOOX 

FIGURE  11-101:  Rentnant  striations 
indicative  of  fatigue. 


FAL  93416  MAG:  3000X 


FIGURE  11-102:  Fine  rsiiinant 
fatigue  striations  (bradcets) . 
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Ti-6Al-2Sn-4Zr-2Mo 


Material  Description 

Ti-6Al-2Sn-4Zr“2Mo  is  an  alpha-beta  processed  titan^jxiHaase  alloy  used 
primarily  for  parts  operating  at  tenperatures  vp  to  1000  F,  such  as  eigine 
ocnpressor  parts  and  airframe  ccnponents,  vhere  good  LCF  characteristics 
are  required.  Ihe  alloy  generally  receives  two  or  three  heat  treatment 
cycles.  first  cycle  is  the  solutioi  anneal  and  oaisists  of  2  hours  or 
less  at  50  F  below  the  beta  transus.  Ihe  second  cycle  is  a  stabilization 
anneal  and  is  followed  ty  precipitaticai,  typically  at  1100  F,  with  thb  time 
period  varying  d^jending  on  the  form. 

The  material  used  in  this  study  was  heat  treated  to  IWA  1224  (bar) 
with  a  typical  hardness  of  HRC  33-40.  The  typical  room  and  elevated 
tenperature  mechanical  properties  for  R'ZA  1224  are  as  follows: 


o 

Roan  Temperature  900  F 
Ultimate  Tensile  Strength  (min) ;  140  ksi  95  ksi 

0.2%  Yield  Strength  (min):  125  Icsi  72  )<si 

Percent  Elongation  (min) :  10%  13% 

Percent  Reduction  in  Area  (min) :  17%  26% 


Measured  Hardness:  HRC  34-36  (DFH  conversions) 

Fractocpraiahy  Overview 

Fcur  Ti-6-2-4-2  ^secimens  were  examined.  The  rocm  tenperature  smooth 
tensile  ^jecimen  had  a  well  defined  shear  lip  0.035  inch  wide  and  a  sugary 
appearange  in  the  primary  overstress  area  in  the  center  of  the  specimen. 
The  1000  F  smooth  specimen  had  a  very  large  shear  lip  (0.045  inch)  with 
re^ject  to  the  final  cross  section,  which  was  smaller  than  the  room 
tenperature  ^)ecimen.  The  primary  overstress  area  had  deeper  features  than 
the  room  temperature  specimen.  Hi0i  magnification  examination  of  the 
primary  fracture  areas  revealed  equiaxed  and  ratxkmly  shaped  diinples  with 
seme  quasi-cleavage  type  features.  Ttie  1000°F  specimen  had  shallow 
©guiaxed  dirples  covered  by  a  li^t  oxide.  Both  specimens  had  shear 
disples  in  the  final^overstr^s  area,  but  the  dimple  appearance  was  more 
diKtile  for  the  lOOO  F  specimen.  The  notched  tensile  specimens  followed 
the  same  trends  as  tlie  smooth  specimens.  Neither  notched  ^)ecimen  had  a 
shear  lip  but  the  dimples  in  the  centers  of  the  specimens  exhibited  a 
brittle  cdiaracter  gor  the  roan  tstperature  ^jeciiien  and  had  a  more  dt<ctile 
appearance  at  1000  F. 

The  stress  ruqpture  ^jecimen  was  run  at  950°F  and  fractured  in  451.1 
hours.  It  had  a  shear  lip  (0.025  inch)  in  the  final  rupture  area  but  it 
was  not  as  large  or  well  defined  as  the  smooth  tensile  specimens.  The 
dimples  in  the  center  of  the  ^jecimen  were  deeper  than  the  tensile 
specimens  and  were  oowered  by  a  light  oxide.  The  final  rupture  area 
exiribited  ductile  shear  dimples. 
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Three  sncoth  and  th^  notched  ^leciaiens  were  examined,  one  each 
at  rocn  teoDperature,  500  F  and  1000  F.  Macroscopically,  the  sanooth  HCF 
specimens  ^^peared  very  similcir.  The  fatigue  propagated  ^xm  a  single 
general  origin  area  eadiibiting  a  sn'noth  appearance  until  the  cradc  covered 
apprcodmateLy  50-60%  of  the  cross  sectim,  at  vhich  point  final  overstress 
occurred.  Hi^  magnification  examinaticxi  revealed  a  Single  stage  I  facet 
at  the  origin  of  the  roan  tenperature  ^^ecimen,  with  feathery  features  near 
the  origin.  The  origin  areas  on  the  two  elevated  teoperature  specimens 
became  more  diffuse  with  increasing  tenperature.  The  elevated  tenperature 
specimens  had  more  smear  in  the  origin  area  so  no  features  could  be 
identified.  Ml  three  specimens  exhibited  only  remnant  striaticns  near  the 
origins.  The  Stage  II  fatigue  areas  near  the  centers  of  the  specimens 
eidiibited  crack-lUce  striaticns  with  more  well  defined  striaticns  as  test 
tenperature  increased.  The  final  overstress  areas  exhibited  a  mixture  ^f 
diopled  overstress  and  quasi-cleavage  for  the  rgcn  tenperature  and  500  F 
^)ecimens,  and  dinpled  overstress  for  the  1000  F  ^secimen.  Ml  these 
notched  ^)ecimens  propagated  from  multiple  surface  origins  s^xurated  by 
steps.  Tt^  room  tenperature  ^>ecimen  exhibited  fatigue  throu^i  90%  of  its 
cross  section,  finally  fracturing  in  shear  overstress  with  no  tensile 
overstress  region.  Both  elevated  tenperature  specimens  exhibited  fatigue 
over  80%  of  their  cross  sections,  with  a  small  tensile  overstress  region 
and  finally  a  sheaur  lip.  Higher  magnification  examination  of  the  origin 
area  on  all  three  specimens  revealed  featjps  radiating  from  local  surface 
origins  on  the  roan  ten|>erature  and  1000  F  ^)eciinen,  and  no  disoemible 
local  origin  on  the  500  F  ^)0cimen.  Fine  fatigue  striaticns  were  visible 
near  the  origin  on  all  three  specimens,  well  defined  striations  and 
crack-like  striations  were  visible  near  the  oentgrs  of  the  specim^. 

TV»  ICF  ^Mcimsns  were  examined,  one  at  500  F  and  one  at  1000  F.  Both 
^)ecimens  initiated  at  a  single  surface  origin  that  did  not  exhibit  a  Stage 
I  fatigue  facet.  Feathery  features  radiated  from  the  origin  with  no 
striations  visible  adjacent  to  the  origin.  Remnant  striaticns  and 
cragk-like  striations  werg  visible  in  the  fatigue  progression  area  on  the 
500  F  speciaen.  The  1000  F  specimen  showed  crack-like  striations  but  had 
some  secondary  cracking  in  the  progression  area. 

3Cn-phase  and  out-of-phase  TMF  specimens  were  examined.  The  in-phase 
TMF  ^Decimen  had  multiple  origins  and  thunbnail  areas  on  both  the  I.D.  and 
O.D.  surfaces.  Multiple  diffuse  origins  were  found  on  eacii  thumbnail. 
Fatigue  striations  near  the  origin  area  became  coarser  and  less  well 
defined  as  the  fatigue  progressed.  Final  fracture  occurred  by  diitpled 
overstress.  The  out-of-phase  TMF  specimen  had  a  large  I.D.  origin  fatigue 
thumbnail.  The  fatigue  propagated  from  several  local  origins  that  had 
feathery  cleavage  features  radiating  from  them.  Patches  of  striaticns  and 
crack-liJee  striations  were  observed  in  the  Stage  II  area.  The  striations 
became  coarser  and  had  a  hi^  percentage  of  crack-like  striaticns  near  the 
end  of  the  thumbnail.  Final  fracture  occurred  dimpled  overstress. 
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WATRRTAT. 


Ti-6Al-2Sn-4Zr-2M3 
iWA  1224  Bar 

TEgr  Dftm 

TEST  TYTE 
Smooth  Tensile 

TEST  OCM)ITI(^S 

Strain  Rate;  0.005  mnvAmv/min  (0.005  iiyiiymin) 

Atmo^here:  Air 

Temperature:  Rocm  Temperature 

Test  Directicai:  longitudinal 

TEST  RESUUIS 

0.2%  Yield  Strength;  921.1  MPa  (133.6  ksi) 

Ultimate  Strength;  993.5  MPa  (144.1  ksi) 

Percent  Elongation:  17.5 

Percent  Reduction  of  Area:  39.3 


FAL  92935  MftG;  13X 


FIOJRE  12-1;  Test  results  and  fractography  of  Ti-6-2-4-2  smooth  tensile 
test.  Ihe  fracture  ejjhibits  a  distinct  shear  lip  (bracket).  Ihe  size  of 
the  shear  lip  varies  with  location  arcund  tlia  speciiioen. 
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FM  98521  MAG;  50X 


FIGURE  12-3:  Law  magnification  photograph  shewing  primary  fracture  area 
and  large  shear  lip. 


FAM  98522  MAG;  200X 


FIGURE  12-4;  Dkpled  overstress  in  the  primary  fracture  area. 


A 
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EAM  98b23  MAG:  lOOOX 


FIGURE  12-5;  Hi^er  magnification  f^iotograph  of  the  area  shewn  in  Figure 
12-4,  showing  diitpled  overstress  in  the  primary  fracture  area. 


FIGURE  12-6;  Diitpled  overstress  in  the  primary  fracture  area,  ejdiibiting 
variation  in  (iirtple  size. 
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FIGURE  12“7:  Shear  diitpled  overstress  in  tlie  firal  frac±ure  area  (shear 
lip). 


FAM  98526 


MAG:  3000X 


FIGURE  12-8:  Shear  dinpled  overstress  in  the  fiml  fracture  area.  Itie 
directions  of  relative  motion  are  shown  by  arrows. 


635 


MasERiaL 


Ti-6Al-2Sn-4Zr--2Mo 
im  1224  Bar 


TEST  DRT^ 

TEST  TCTE 
Smooth  Tensile 


TEST  OONDinONS 
Strain  Fate: 
Atmosphere: 
Temperature: 
Test  Direction: 


0.005  mVinnv'inin  (0.005  irv/iVniiri) 
Air 

538°C  (1000°F) 
longitudinal 


TEST  RESUITS 
0.2%  Yield  Strength: 
Ultimate  strength: 

Percent  Elcsigation: 
Percent  Feduction  of  Area: 


501.9  MPa  (72.8  ksi) 

675.7  MPa  (98.0  ksi) 
24.0 

64.7 


FIGURE  12-9:  Test  results  ai-d  fractography  of  Ti-6-2-4-2  538°C  (1000°F) 
smooth  tensile  test.  The  fracture  surface  is  dominated  by  a  large  shear 
lip.  Ootpara  elongaticai  and  reduction  of  area  with room  taperature 
pecimen  (Figure  12-1) .  The  lii<^M2r  values  at  1000°F  indicate  greater 
plastic  defonoation. 
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FIGURE  12~10:  Optical  photomicrograph  slicwing  tlie  primary  over^tress  area. 
Ihe  entire  fracture  exhibits  elongated  grains  indicatii>g  plastic 
deformation,  'Ibe  deformation  is  significantly  greater  theui  for  the  rocm 
temperature  specimen  (Figure  12-2) . 

Etchant;  Kroll's  Reagent 
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FIG(IRE  12-11:  lew  magnificaticai  photograph  shewing  primary  fracture  area 
and  large  shear  lip.  A  bracket  iikicates  the  extent  of  the  shear  lip. 


FAM  98528  HAG:  200X 


FIGURE  12-12;  Equiaxed  diicpled  overstress  in  the  primary  fracture  area. 
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EAM  98531 


icyG:  lOOOX 


FIGURE  12-15:  Shear  diitpled  overstress  in  the  final  fracture  area  (shear 
lip). 


FAM  98532  MAG:  3000X 


FIGURE  12-16;  Shear  dinpled  overstress  in  the  final  fracture  area.  Ihe 
directions  of  relative  motion  are  shown  by  arrows. 


MATTOTAT. 


Ti-6Al-2Sn-4Zr-2Mo 
H®.  1224  Bar 

TEST  DKEA 

TEST  TyPE 
Notched  Tensile 

TEST  OCMDITTQNS 

Crosshead  Speed:  1.27  itnu/min  (0.05  iiymin) 

Atmo^iiere:  Air 

Tearperature:  Room  Tenperature 

Test  Direction:  Longitudinal 

TEST  RESUiaS 

Ultimate  Strength:  1483.1  MPa  (215,100  FSI) 


FAL  92494  MAG:  lOX 

FIGURE  12-17:  Test  results  and  fractography  of  Ti-6-2-4-2  notched  tensile 
test.  No  shear  lip  is  visible. 


FAM  99767  MAC;  200X 


FIGURE  12-18:  Optical  photxjmicrograph  showiiig  the  primary  overstress  area. 
The  grains  r^nain  equiaxed  adjacent  to  the  fracture  indicating  that  little 
or  no  plastic  de£ormatic»i  acxxnpanied  the  fracture. 

Etchant;  Kroll's  Reagent 
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FAM  98338  MAG:  50X 


FIGURE  12-19:  low  magnification  photograph  shewing  no  apparent  shear  lip. 
Ihe  base  of  the  notch  is  visible  (top  left) . 


FAM  98339  MAG:  200X 

FIGURE  12-20;  Dinpled  overstiess  in  the  center  of  the  specimen. 
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FftM  98342  MAG:  lOOOX 


FIGURE  12-21:  Higher  nagnification  photograph  of  the  area  shewn  in  Figure 
12-20,  showing  diinpled  overstress. 
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MATFKTAT. 


Ti-6Al-2Sn-4Zr-2Mo 
HiA  1224  Bar 

TRgr  rwm 

TEST  TyPE 
Notched  Tensile 

TEST  CXMJmaJS 
Ccos^ead  Speed: 
Atmo^here: 
Tenperature: 

Test  Direction; 

TEST  RESmilS 
Ultiinate  Strength: 


1.27  itmv'itdn  (0.05  iiVmin) 
Air 

538  C  (1000  F) 
longitudinal 

661.8  MPa  (139,500  PSI) 


FAL  92495  HAG:  13X 

FIG5JRE  12-23;  Test  results  and  fractography  of  Ti-6-2-4-2  538°C  (lOOO^F) 
notched  te::sile  test.  Ihe  fracture  appears  oxidized  with  no  siiear  lip 
visible. 
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FAH  99788  HAG;  200X 

FIGURE  12-24 ;  Optical  photomicnragrapii  of  tlie  base  of  the  notch  (arrow) . 
Ihe  fiml  overstress  area  is  the  only  region  exhibiting  elongated  grains. 
Just  irhoard  of  the  notch,  the  grains  are  equiaxed.  Hie  grains  reaain 
equiaxad  adjacent  to  the  fracture  surface,  irdicating  tliat  little  or  no 
plastic  deforwation  aooowpanied  the  fracture. 

Etchant:  KToil’s  Reagent 
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FAM  98343  MAG;  SOX 


FIGURE  12-25:  ICM  magnification  photograph  shewing  no  apparent  shear  lip. 
Ihe  base  of  the  notch  is  visible  on  the  left  side  of  the  photograph. 


FAM  98344  MAG:  200X 

FIOJFE  12-26:  Equiaxed  dinpled  overstress  in  tlie  center  of  the  speciioen. 
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FIGURE  12-27;  Hi^er  itagnificaticai  photograph  of  the  canter  of  the 
fracture  surface,  showing  equiaxed  dinpled  overstress. 
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MaTEKIAL 


Ti-6Al-2Sn-4Zr-2Mo 
im  1224  Bar 

TEST  ravm 

TEST  TyPE 
Stress  Ri?jture 

TEST  CXMJITTQNS 

Stress;  406.8  ME^  (59.0  ksi)  (DNF) 

448.2  MPa  (65.0  ksi) 

Atmo^iiere;  Air 

Tettperature:  510°C  (950°F) 

Test  Direc±icai:  Longitudinal 

TEST  RESULTS 

Time  to  Rijpture:  544.6  hours  (DNF)/  451.1  hours 

%  Elongation;  24.0 

%  Reduction  of  Area;  51.3 


FAL  97221  MAG;  lOX 


FIGURE  12-29:  l\2st  results  ajid  fractograpliy  of  Ti-6-2-4-2  510®C  (950°F) 
stress  rupture  test.  The  fracture  surface  appears  to  be  o^fidized  and  has 
deeper  features  tlian  the  tensile  test  specimens. 
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FIGURE  12-30:  Optical  pliotauicrograph  siiowing  sevtarely  elcjngated  grains 
near  the  center  of  tlie  speciiten.  Ihe  fracture  is  predaainantly 
transgranular. 


Etchant;  Kroll's  Reagent 


f 
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FAM  98863  MAG:  50X 


FIGURE  12-31:  lew  magnificatiem  photograph  shewirq  primary  overstress  area 
near  the  center  of  the  specimen  and  a  shear  lip  near  the  edge. 


FAM  90864  MAG;  200X 

FIGURE  12-32:  Bquiaxod  diitpled  overstress  in  the  primary  fracture  area. 
Small  areas  of  void  ooalesaanoe  are  visible  near  the  center  of  the  specimen 
(arrows) . 
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FAM  98865  MAG:  lOOOX 


FIOIRE  12-33:  Lightly  oxidized  eqoiaxed  dinpled  overstress  with  saall 
areas  of  void  coalescence  (arrows) . 


FAM  98866 


MAG:  3000X 


FIGURE  12-34;  Hitler  magnification  piiotograpli  of  the  area  slicwi^  in  Figure 
12-33,  showing  fine  equiaxed  diiiples  between  areas  of  void  coalescence. 
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WA.TFRTAT. 

Ti-6Al-2Sn-4Zl>-2Jto 
m  1224  Bar 

TOST  DRIia. 

TEST  TYPE 
Smooth  HCF 

TEST  OONDinONS 

Stress:  482.6  MPa  (70.0  ksi)/-482.6  MPa  (-70.0  ksi) 

Stress  Ratio:  -1 

Frequency:  1800  cpn 

Atmo^iiere:  Air 

Tenperature:  Room  Teirperature 

Test  Direction:  longitudinal 

TEST  RESmirS 

cycles  to  Fracture:  52,800 


FAL  93830  MAG:  15X 


FIGURE  12-37:  Itest  results  and  fractography  of  Ti-6-2-4-2  rocin  taipexature 
smooth  HCF  test.  Futures  appear  to  radiate  from  a  general  origi'  area 
(arrow  A) .  *010  ext^t  of  fatigue  is  shown  by  arrow  heads. 
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FAM  99043  MAG:  50X 


FIGURE  12-39:  Low  magnification  view  of  the  origin  area.  Ihe  specimen 
exhibited  a  single  surface  origin  (arrow) . 


FAM  99044  MAG:  200X 


FIGURE  12-40:  Hi^er  magnification  view  of  the  origin  area  shavn  in  Figure 
12-39.  A  stage  I  fatigue  facet  is  visible  at  the  origin  (arrow) .  Features 
can  be  seen  radiating  from  the  facet. 
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FAM  99045  MAG:  lOOOX 


FIGURE  12*-41:  Feathery  cleavage  near  the  origin  area.  The  direction  of 
prc^gation  is  frcro  bottom  to  tcp  of  the  photograph. 


FAM  99047 


MAG;  lOOOX 


FIGURE  12-42:  Fatigue  progression  near  the  center  of  the  specisnen.  The 
fracture  surface  is  characterized  by  remnant  fatigue  striatiois  (arrcw  A) 
and  secondary  cracking  (remnant  crack-like  striations)  (arrow  B) 
perpendicular  to  the  direction  of  propagation. 
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EAM  99048  MAG:  200X 


FIGURE  12-43;  Partially  smeared  overstress  features  in  the  final 
overstress  area.  Arrows  indicate  areas  of  smear. 


EAM  99049  MAG:  lOOOX 


FIGURE  12-44;  Hi^er  magnification  photograph  of  the  final  overstress 
area.  Fine  dijmples  (arrcM  A)  are  separated  by  patches  of  cleavage. 
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Ti-6Al-2Sn-4Zr-2Ma 
m  1224  Bar 

TEST  DMA 

TEST  TYPE 
Smooth  HCF 


Stress: 
Stress  Ratio; 


482.6  ME^  (70.0  ksi)/-482.6  MPa  (-70.0  ksi) 
-1 


Frequency:  1800  cpn 

Atmosphere;  Air 

Teitperature;  260°C  (500°F) 
Test  Direction:  Longitudinal 


TEST  RESUIjIS 

cycles  to  Fracture:  53,300 


FAL  93815  MAG:  13X 


FIGURE  12-45;  Test  results  and  fractography  of  Ti-6-2-4-2  260°C  (500°F) 
smooth  HCF  test.  No  clear  origin  or  progression  zone  is  visible. 
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FM  99761  MAG;  200X 


FIGURE  12-46;  epical  jAiotanicrograph  showing  the  fatigue  progression  zone 
ejdiibiting  a  relatively  flat,  transgranular  fracture  path  siMlar  to  the 
room  teiTperature  ^jecimen. 

Etchant;  Kroll's  Feagent 
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FAM  99050  MAG:  50X 


FIGURE  12-47:  lew  magnification  view  of  the  origin  area  and  initial 
fatigue  progression  area.  Features  can  be  seen  radiating  fron  the  origin. 


FIGURE  12-48:  Higher  ma^ficatiai  view  of  the  origin  area.  Ihe  features 
are  relatively  flat  with  no  localized  origin  discernible. 
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Vm  Ur f 


FAM  99052 


MAG:  lOOOX 


FIGURE  12-49:  Ctambimtion  of  rerar^ant  fatigue  features  (arrow  A)  and  sKtear 
(arrow  B)  near  the  origin  area.  Ihe  fracture  propagated  from  botton  to  top 
of  the  photograpli. 


FAM  99054  MAG:  lOOOX 

FIGURE  12-50:  Crack-like  striations  iKJar  the  center  of  the  speciroeii  (end 
of  fatigue  thuftfeaiail) .  Ihe  direction  of  propagation  is  frcia  bottcsn  to  tqp 
of  the  photograph. 
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EAM  99056  MAG:  200X 


FI^JRE  12-51:  Mixtxire  of  overstress  and  smear  features  (arrows)  in  the 
final  overstress  area. 


FAM  99057  HAG:  lOOOX 

FIGURE  12-52:  Higher  magnification  photograpli  of  the  area  sliown  in  Figure 
12-51,  showing  fine  dimples  and  smear  features  in  the  final  overstress 
area. 
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MAiTORIMi 


Ti-6Al-2Sn-4Zr-2Mo 
rWA  1224  Bar 


TECT  DMA 

TEST  TYPE 
Smooth  HCF 


TEST  oaornc^js 
Stress; 


Stress  Ratio; 
Frequency; 
Atmosphere; 
Tenperature: 
Test  Direction; 


379.2  MPa  (55.0 
413.7  MPa  (60.0 

448.2  MPa  (65.0 
482.6  MPa  (70.0 
-1 

1800  cpm 
Air 

538°C  (1000°F) 
longitudinal 


ksi)/-379.2  MPa 
ksi)/-413.7  MPa 
ksi)/-448.2  MPa 
ksi)/-482.6  MPa 


(-55.0  ksi)  CNF* 
(-60.0  ksi)  CNF 
(-65.0  ksi)  CNF 
(-70.0  ksi) 


TEST  RBSUITS  7  r 

cycles  to  nracture;  1.0x10  (CNF),  1.0x10  (CNF),  1.0x10  (CNF), 
14,700 


*  Did  Not  Fracture 


FAL  93816  MAG;  13X 


FIGURE  12-53;  Itest  results  and  fracbography  of  Ti-6-2-4-2  538*^0  (1000°F) 
smooth  HCF  test.  Ihe  fatigue  progression  appears  a  relatively  flat  area 
covering  70%  of  tlve  fracture  surface.  lY;e  origin  area  is  shewn  an 
arrow. 
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FAH  99765 


MAG:  200X 


FIGUl^  12-54:  Optical  photomicrograph  shewing  the  fatigue  progressioii 
zone,  exhibiting  a  laixture  of  transgcaiuilai*  and  mtergraiuilar  fracture. 

Etchant:  Kroll's  Reagent 
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FAM  99167  MAG:  SOX 


FIGURE  12-55;  IcM  magnification  view  of  the  origin  area  ai^  initial 
fatigue  progression  area. 


FAH  99168  "  HAG;  JcOX 


FIGUI^E  12-56:  Higlier  nagnification  viw  of  tlie  origin  area,  features 
are  relatively  flat  with  no  localized  origin  discorriible.  Hadiining/ 
polishing  marks  (arrows)  are  visible  on  the  spociaein  surface,  adjacent  to 
the  origin,  ll^ese  prob^ly  did  not  contribute  to  tlie  fracture. 
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FAM  99170 


MAG:  3000X 


l^GURE  12-58:  High  magnificaticff)  viqm  of  the  reiiinaiit  striations  pointed 
out  in  Figure  12-57. 
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FAM  99171  MAG:  lOOOX 

FIGURE  12-59;  Oxidized  crack-like  fatigue  striations  near  the  center  of 
the  specinven  (end  of  fatigue  thunibnail) .  ihe  direction  of  propagation  is 
from  tire  bottm  to  the  tc^  of  the  photograplr.  Ccaipare  these  striations 
with  those  near  the  origin  (Figure  12-58) . 


FAM  99172 


HAG;  3000X 


FIGURE  12-60;  Higher  magnificatioji  view  of  the  oxidized  crack-like 
striations  sliown  in  Figure  12-59. 


668 


FIGURE  12  “61:  Mixture  of  overstress  aixi  smear  features  in  the  final 

overstress  area. 


FAM  99174  MAG:  lOOOX 


FiaJRE  12-62:  Higlier  magnification  photograph  of  the  area  sliown  in  Figure 
12-61,  showing  shear  diitples  in  the  final  overstioss  area.  Arrows  indicate 
the  directions  of  relative  jwation. 
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MATERIAL 


Ti-6Al-2Sn-4Zr“2Mo 
EWA  1224  Bar 


"nEgr  dkea 

TEST  TYPE 
Notched  HCF 


TEST  OCM)mC»^S 
Stress: 

Stress  Ratio: 
Frequency: 
Atmosphere: 
Tenperature: 
Test  Direction: 


413.7  MPa  (60.0  ksi)/~413.7  MPa  (-60.0  ksi) 
-1 

1800  cpm 
Air 

Rcxxn  Temperature 
IXHigitudinal 


TEST  RESULTS 

cycles  to  Fracture:  28,400 


FAL  93822  MAG:  IIX 


FIGURE  12-63;  Test  results  and  fractography  of  Ti -6-7-4 -2  roun  tenperature 
notched  HCF  test.  Ihe  fatigue  progression  area  extends  over  85%  of  the 
fracture  surface.  The  fatigue  prcpagated  from  multiple  surface  origins 
(bottojn  of  tlie  photograph) .  The  extent  of  the  fatigue  is  sliown  by 
arrouheads. 


FAM  100190  ■  MftG:  lOOX 


FiGUlOi:  12-64:  Optical  pliotcsnicrcgraphs  showing  tlie  fatigue  progressicni 
acaie,  eidiibiting  a  transgranular  fracture  path  perpei>dicular  to  the  stress 
axis  (top) .  The  bottom  photocjraph  sliows  a  well  defined  shear  lip  in  tlie 
final  overstress  area. 


Etchant:  Kroll's  Reagent 


FAM  99021  MAG:  SOX 


FIGURE  12-65;  lew  magnification  view  of  the  origin  area.  Ihe  specimen 
e^diibited  two  ajrfaoe  origins.  Features  caii  be  seen  radiating  froa  eadh 
origin. 


FAM  99022  M?J3:  200X 


FIGUi^E  12-66;  Higher  magnificaticai  vim  of  one  of  the  origins  (arrow) . 
Machining  marks  are  visible  adjacent  to  the  origin.  Features  can  be  se<ai 
radiating  from  the  origin. 
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FAM  99023  MAG:  lOOOX 


FIGURE  12-67:  Remnant  fatigue  striations  near  the  origin. 


FAM  99024  MAG:  3000X 


FIGURE  12-68:  Higher  magnification  vie\^  of  Figure  12-67,  showing  remnant 
fatigue  striations  (brackets,  right)  and  sitvear  features  (left) . 
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FAM  99025  MAG;  lOOOX 


FIGURE  12-69;  Mixture  of  fatigue  striations  and  crack-like  striations  near 
the  center  of  the  ^jecimen  in  the  fatigue  progression  area.  Ihe  fatigue  is 
prc^gating  fma  bottom  to  tqp  of  the  ^otograph. 


FAM  99026  MAG;  200X 

FIGURE  12-70;  Final  overstress  area  exhibiting  dinpled  overstress. 


674 


FIGURE 

shown 


FM  99027  MAG:  lOOOX 


12-71;  Higher  magnification  photograjii  of  the  final  overstress  area 
in  Figure  12-70  exhibiting  dinpled  overstress. 
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FIGURE  12-72;  Test  results  and  fractograpiiy  of  Ti-6-2-4-2  260°C  (500°F) 
notched  test,  itie  extent  of  the  fatigue  is  delineated  by  a  bracket, 
siiear  lip  is  visible  in  the  fij-al  fracture  area. 
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FAH  99776  MAG:  200X 


FIGURE  12-73:  Optical  pliotcstticrc_  .apli  sliadrxj  the  fatigue  prx)gressiai 
zorie,  exhibit ijig  a  mixture  of  trairsgrajaular  and  intergranular  fracture. 

Etdiant:  Kroll's  Reagent 
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FM  99028  '  *  MAG:  50X 


FIGURE  12-74;  IcM  magnification  viea*/  of  tlie  origin  area  and  initial 
fatigue  progression  area.  Iti©  diffuse  origii'i  area  is  shown  by  a  bracket. 


FAM  99029  HAG:  200X 


12-75:  Higl^er  magnificatic»i  view  of  ti:Q  origiji  area  slicxvn  in  Figure 
12-74.  The  features  are  relatively  flat  witl^  m  localized  origin 
disoernihlfi.  Maciiining  marks  are  visible  adjacei^t  to  tlve  origin  area 
(buttcsn) . 
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FAM  99030  MAG:  lOOOX 

FIOJRE  32"76:  Remricmt  fatigue  features  near  the  origin  area.  Ihe  frac±ure 
propagated  frcni  bottan  to  tc^  of  the  photograph. 
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FAM  99031  MAG;  3000X 

FIGURE  12-77;  Higher  magnification  photograph  of  the  area  shewn  in  Figure 
12-76,  showing  remnant  fatigue  striations  near  the  origin  area.  Hie 
direction  of  pitc^gation  is  from  bottom  to  tq?  of  the  photograph. 


EAM  99033  MAG:  200X 


FIGURE  12-78;  Mixtxire  of  overstress  and  smear  features  in  the  final 
overstress  area. 


FIOJRE  12-79;  Hi^er  magnification  photograph  sliwing  equiaxed  dk^iles  ai-d 
smear  features  in  the  final  overstress  area  (Figure  12-78) . 
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Ti-6Al-2Sn-4Zr-2Mo 
im  1224  Bar 

TEST  DM3V 

TEST  TYfE 
Notched  HCF 


TEST  oarornajs 

Stress;  275.8  MPa  (40.0  ksi)/-275.8  MPa  (-40.0  ksi) 

Stress  Ratio;  -1 


Frequency; 
Atmosphere; 
Temperature; 
Test  Dirastion; 


1800  cpm 
Air 

538°C  (1000°F) 
longitudinal 


TEST  RESUinS 

cycles  to  Fracture;  14,000 


PAL  93819  MAG;  IIX 


FIGURE  12-80;  Test  results  and  fractography  of  Ti-6-2~4-2  538°C  (1000°F) 
notched  HCF  test.  Ihe  extent  of  the  fatigue  is  sliown  by  a  bracket.  A 
fatigue  st^  (arrow)  separates  two  origins. 
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FIGURE  12-81;  Optical  photomicinograiph  shewing  tlie  fatigue  progressic»i  zone 
exhibiting  prodooiinantly  transgranular  fracture  path.  No  grain  deformation 
is  visible. 
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FAM  99035  MAG;  SOX 


FIGURE  12-82;  l£w  magnification  view  of  the  origin  area  and  initial 
fatigue  progression  area.  Two  origins  are  clearly  visible  separated  by  a 
fatigue  st^  (arrow) . 


FAM  99036  MAG;  200X 


FIGURE  12-83;  Higher  magnification  view  of  one  origin  area.  Fatigue 
features  can  be  seen  radiating  fron\  tlie  origin.  Machinitvg  marks  are 
visible  on  the  speciiT\en  surface  adjacent  to  tlie  origin.  Hiese  probably  did 
not  contribute  to  the  fracture. 
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FAM  99037  MAG:  lOOOX 


FIGURE  12-84:  Fine  fatigue  striations  near  the  origin.  The  fracture 
propagated  from  bottom  to  t(^  of  the  photograph.  Arrow  indicates  a  patch 
of  remnant  striations. 


FIGURE  12-85:  Higli  magnification  view  ot  tlie  fine  striations  shavn  in 
Figure  12-84.  Individual  striations  are  barely  resolvable.  Bracket 
contains  five  striations. 
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FM  99039  MAG:  lOOOX 


FIGURE  12-86;  Oxidized  striations  near  the  center  of  the  specimen  (end  of 
thumbnail) .  Ihe  striations  are  slightly  coarser  than  near  the  origin.  Tile 
direction  of  prc^gation  is  from  the  bottom  to  top  of  the  photograph. 


FAM  99040  MAG;  3000X 


FIGURE  12-87;  Higher  raagnificaticMi  view  of  tlie  oxidized  striations  shown 
in  Figure  12-84. 
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FM  99042 


MAG;  lOOOX 


FIGURE  12-89:  Higher  magnification  photograph  of  a  portion  of  Figure 
12-86,  shewing  diwples  and  other  ductile  features  in  final  overstress 


area. 
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WATERTAT. 


Ti-6Al-2Sn-4Zr“2Mo 
EWA  1224  Bar 

TESr  DMA 

TEST  TYPE 
Smooth  KF 


TEST  oc»rorncyrs 
Stress: 

Stress  Ratio: 
Frequency: 
Atmosphere: 
Teitperature: 
Test  Direction: 


655  MPa  (95.0  ksi)/  32.4  MPa  (4.8  ksi) 

0.05 

10  cpn 

Air 

260°C  (500°F) 
longitudinal 


TEST  RESULTS 

Cycles  to  Fracture:  36,886 


FIGURE  12-90:  Test  results  and  fractography  of  Ti-6-2-4-2  260°C  (500°F) 
siTOoth  IjCF  test.  Ihe  origin  area  is  iiidicated  by  cin  arrow.  Ihe  fatigue 
progression  area  covers  less  than  30%  of  tlie  fracture  surface. 
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FIGURE  12-91;  Optical  photoii\icrogra{^  showing  necking  (hollcw  arrcw)  and 
a  well  defined  shear  lip  (arrcw)  in  the  final  overstress  area  (top)  and  the 
fatigue  progression  area  (bottom) .  No  grain  defonnation  is  visible  in  the 
fatigue  progression  area. 


Etdiant:  Kroll's  Reagent 
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FAM  98665  MAG:  20X 


FIGURE  12-92:  Overall  dictograph  showing  fatigue  area  on  a  plane 
perpendicular  to  the  stress  axis. 


FAM  98666  MAG:  50X 


FIGURE  12-93:  Fracture  features  can  be  seen  radiating  from  the  fatigue 
origin. 
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■  •  ,  C'-.V  ■  V  t)R  IG  rhir--  '  - 


'smooth  -'LCF.V  260‘C/500"F 


FAM  98667  MAG:  200X 

FIGURE  12~94:  Hi^er  magnification  photograph  of  the  origin  area  shown  in 
Figure  12-92.  Features  can  be  seen  radiating  from  the  origin. 


t 


FAM  98670 


MAG;  lOOOX 


FIGURE  12-95:  tenant  fatigue  striations  in  the  fatigue  thumbnail  region. 
An  arrow  indicates  one  patch.  Ihe  direction  of  local  propagation  varies 
from  one  patch  to  another. 
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'AM  98669  MAG;  3000X 


FIGURE  12-96;  Higher  inagnification  photograph  of  the  area  shown  in  Figure 
12-94,  shewing  remnant  fatigue  features. 


FIGURE  12-97;  Hii^  ntignificaticKi  f^iotograpJi  showing  renumnt  fatigue 
striations.  Ihe  direction  of  propagation  is  sliown  by  an  arrow. 
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FAM  90672  MAG:  200X 

FIGURE  12-98;  Equiaxed  diitpledi  overstress  in  the  final  overstress  area. 


FIGUl^  12-99:  Higiier  magnification  pJiotograpl^  allowing  equiaxed  dinpled 
overstress  in  the  final  overstress  area. 
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MfigSRIAL 


Ti-€Al-2Sn--42l^2ffo 
1224  Bar 


mm 


TEST  TCTE 
SDKXJth  DCF 


TEgr  CONDITIONS 

Stress:  517.1  MPa  (75.0  ksi)/  25.5  (3.7  ksi) 

Stress  Ratio:  0.05 


Frequency: 
Ataao^ihere; 
Tstperature: 
Test  Directim: 


10  cpn 
Air 

538  C  (1000  F) 
Longitudinal 


TEST  RESUmS 

Cycles  to  Fracture:  37,000 


FAL  93213  MAG:  9X 


FIGURE  12-100;  Test  results  and  fractograpliy  of  Ti-6-2-4-2  538°C  (1000°F) 
STKXth  LCF  test.  Ihe  origin  and  fracture  progression  areas  (arrcw)  are  on 
a  plane  perpendicular  to  the  stress  axis.  Hie  fatigue  progression  area 
accounts  for  less  than  30%  of  the  fracture  surface. 
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FAM  100194 


MAG;  lOOX 


FIGURE  12-101:  Optical  photanicrogra^  siiwing  the  fatigue  prtDgrsssion 
ai^  (top)  and  the  shear  lip  in  the  final  overstress  area  (bottaa) .  Grain 
defoETOation  is  visible  in  the  final  overstress  area  (cirrow) . 


Etchant;  Kroll's  ileagent 


694 


FM  98696  MAG:  20X 


FIGURE  p-102:  Overall  j^otograph  showing  the  origin  area  and  fatigue 
tliuittonail  (brackets) ,  Ihe  fatigue  progression  area  is  on  a  plane 
perpendicular  to  the  stress  axis. 


FAM  98697  MAG:  BOX 


FIGURE  12-103:  Fracture  features  can  be  seen  radiating  frxan  the  origin 
(arrow) . 


FAM  98703  MAG:  lOOOX 


FIGURE  12-106:  Crack-like  striations  near  the  end  of  the  fatigue 
thuitibnail.  Ihe  direction  of  propagation  is  from  bottom  to  tc^  of  the 
photograph. 


FAM  98704  MAG:  3000X 


FIGURE  12-107:  Higher  magnification  pliotograph  of  tlie  area  shown  in  Figure 
12-106,  showing  crack-like  striations  witli  some  secondary  cracking. 
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FAM  98705  MAG:  200X 


FIGURE  12-108:  Equiaxed  dinpled  overstress  in  the  final  fracture  area. 


fAM  98706 


MAG:  lOOOX 


FIGORE  12-109:  Higher  magnification  photograph  sl^owing  equiaxed  dinpled 
overstre^  in  the  final  fracture  area  (Figure  12-108) . 
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MftTERIAL 


Ti-6Al-2Sn-4Zr-2Mo 
IWA  1224  Bar 


TRRT  nam 


TEST  TyPE 
IMF,  In-Hiase 


TEST  oaroiniajs 

Stress:  461.9  MPa  (67  ksi)/537.8  MPa  (-78  ksi) 

Stress  Ratio;  -1.16 


Frequency; 
Atmosphere: 
Teitperature; 
Test  Direction: 


2  cpii 
Air 

260°C  (500°F)/538°C  (1000°F) 
longitudinal 


TEST  RESULTS 

cycles  to  Fracture:  8013 


PAL  94529  MAG;  lOX 


FIGURE  12-110:  Test  results  and  fractography  of  Ti-6-2-4-2  in-ptKise  TMF 
test.  Fatigue  prc^gated  from  imiltiple  origins  on  both  the  inside  and 
outside  surfaces  of  the  spscimeji  (arrows) .  Ihe  final  overstress  area 
appears  to  be  unoxidized. 
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FIOJRE  12-111:  Pair  of  optical  photanicrographs  of  a  longitudinal 
iKietallographic  cross  section  through  tlie  two  walls  of  the  tubular  specinien. 
Ihe  fatigue  progressed  frcsn  the  inside  surface  (arrow)  of  the  tcp 
pliotograE^.  lii®  bottcsn  photograph  shews  necking  associated  with  final 
ewerstress  o»i  the  side  of  the  ^lecijnen  opposite  the  fatigue. 

Etchant:  Kroll's  Reagent 
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ERM  99620  MftGl  SOX 


FIGURE  12-112:  Lew  magnification  jiiotograph  showing  an  origin  area  on  the 
inside  surface  of  the  specimen  (bracket)  and  the  associated  fatigue 
thumbnail. 


FAM  99621  MAG:  200X 


HGURE  12-113:  No  localised  origin  can  be  identified  in  the  origin  area. 
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FAM  99622  MAG;  lOOOX 


FIGURE  12-114:  Close-v:p  photcagraph  of  the  origin  area  shewn  in 
Figure  12-113. 


FAM  99623  MAG:  3000X 


FIGURE  12-115:  Fatigue  striations  near  tlie  origin  area.  Ihe  direction  of 
propagation  is  shown  by  an  arrow.  Bracket  contains  five  striations. 
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FIGURE  12-116:  Oxidized  striations  in  the  fatigue  progression  zone. 
Ccxnpare  these  with  the  striations  in  Figure  12-115. 


FAM  99625  MAG:  3000X 


FIGURE  12-117:  Higher  magnification  photograph  of  a  portion  of  the  caiea 
shown  in  Figure  12-116,  showing  fatigue  striatioI^s  with  seme  secondary 
cracking. 
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FM  99626 


MAG:  200X 


FIGURE  12--118:  Diitpled  overstress  in  the  final  fracture  area. 


FIGURE  12-119;  Higher  magnification  photograj^  allowing  diiipled  overstress 
in  the  final  fracture  area.  Fine  dimples  are  contained  within  large 
ductile  dinples. 
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MMTOTAL 


Ti-6Al-2Sn-4Zr-2Mo 
IWA  1224  Bar 


TOST  DMA 


TEST  TYPE 

IMF,  Out-of-Phase 


TEST  OCM)ITIONS 


Stress: 

Stress  Ratio; 

Frequency; 

Atmosphere: 

Tenperature; 

Test  Direction;  longitudinal 


4275  MPa  (62  ]csi)/365.4  MPa  (-53  ksi) 
0.85 


1  cpn 

Air 

260°C 


(500°F)/538°C  (1000°F) 


TEST  RESUIIDS 

Cycles  to  Fracture:  8002 


FAL  94530  MAG:  lOX 


FIGURE  12-120;  Test  results  and  fractcqraphy  of  Ti-6-2-4-2  out-of-phase 
IMF  test.  Fatigue  propagated  from  a  diffxise  origin  area  on  the  inside 
surface  of  the  specimen  (bracket) . 
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I'm  100198  HAG:  lOOX 


FIGURE  12-121:  Optical  pliotcsmictxjgrapli  sha>/iix:j  the  fatigue  progression 
area.  No  grain  defoliation  is  visible,  ll-io  fracture  is  predominantly 
transgranular 

Etdiai^.t:  Kroll's  Reagent 


706 


FIGURE  12-122:  lew  itagnification  photograph  showijig  the  origin  area  on  the 
inside  surface  of  the  specimen  (bracket)  and  the  associated  fatigue 
prxjgression  area. 


FM  99630  MAG;  200X 


FIGURE  12-123:  One  of  several  localized  origins  is  shown  by  an  arrow. 
Madiining  lines  are  faintly  visible  on  the  inside  surface  adjacent  to  the 
origin. 
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FAM  99631 


MAG;  lOOOX 


FIGURE  12-124;  Close-i;^)  photograf^i  of  one  localized  origin  area  ishown  in 
Figure  12-123,  Features  can  be  seen  radiating  frcaia  a  small  fatigue  facet 
(arrow) . 


FAM  99633  MAG:  lOOOX 


FIGURE  12-125;  Fatigue  striations  and  crack-like  stilations  in  tlie  fatigue 
progression  area  near  the  I.D,  surface  of  the  specimen.  Bracket  contains 
ten  striations. 
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FM  99634 


MAG:  3000X 


FIGDRE  12-126:  Hi'^ier  negiiification  photogrsfii  of  a  portion  of  the  area 
shewn  in.  Figure  12-125,  shewing  oxidized  fatigue  striations. 


FAM  99635  ^mG:  lOOOX 


FXGSJRE  12-127;  .^iations  and  crack-lika  striations  in  tlio  fatigue 
progrtsssicar»  area  near  the  O.D.  of  spechtien.  'iha  striation  spacing  h&s 
increased  significantly  as  tlio  crack  has  piregressed  (Figure  12-125) . 
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FAM  99636  MAG:  3000X 

FIGURE  12-128;  Hi<^.er  magnification  photograph  of  a  portion  of  the  area 
^icwn  in  Figure  12-127,  shcfwing  striations  ard  crack-like  striations  r^ear 
O.D,  surface  of  the  specimen. 


Ti-6A1-4V 


Material  Description 

Ti-€A1-4V  is  the  most  widely  used  of  the  cilpha-be^  processed 
titanium-tase  alloys.  It  maintains  its  strength  ip  to  750  F  viien  the  part 
is  used  in  the  annealed  osidition.  Very  hi^  strengths  are  r^rted  at 
cryogenic  teoperatures  althou^  the  alley  is  susceptible  to  hydrogen 
enbrit^ement.  Ihe  alloy  is  generally  solution  heat  tgeated  witt^ 
50-150  F  below  the  beta  transus  and  annealed  between  1300  F  and  1450  F  for 
greater  than  1  hour.  Ti-6-4  is  available  as  bar,  wire,  forgings  and  flash 
welded  rings. 

The  material  used  in  this  stut^  was  heat  treated  to  AMS  4928  (bar) 
with  a  typical  hardness  of  HRC  35.  Ihe  typical  room  tenperature  mechanical 
properties  for  M/IS  4928  are  as  follows: 


Ultimate  Tensile  Strength  (min) :  130  ksi 

0.2%  Yield  Strength  (min):  120  )<si 

Percent  Elongation  (min) :  10% 

Percent  Reduction  in  Area  (min) :  20% 

Meaaired  Hardness:  HRC  31-33 


Fractoaranhy  Overview 

The  only  ^lecimen  examined  was  room  tenperature  hydrogen 
anbrittlement.  The  specimen  ejdribited  equiaxed  dimpled  overstress  with  no 
evidence  of  "fluting.”  Some  secondary  cracking  was  observed  in  the  base  of 
the  notch.  The  outermost  surface  of  the  fracture  was  smooth  and 
featureless. 
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WATKRTAT. 


Ti-6A1-4V 
iWA  1215  Bar 


TEgr  DMA 


TEST  T^FE 

Hydrogen  Etabrittlement 


TEST  oaromajs 

Stress:  985.9  MPa  (143  l<si)  CNF* 

1116.9  MPa  (162  Icsi)  CNF 

1247.9  MPa  (181  ksi) 


Atmosphere: 

Tenperature: 

Test  Direction: 
Specimen  Charging: 


Air 

Rocti  Tertperature 
longitudinal 

Ihe  specimen  was  initially  charged  for  12  hours 
in  gaseous  H_  at  5000  psi.  cathodically,  charged 
for  2  hours  in  1%  aqueous  HCl,  15  VDC  ancxJe 


platinum. 


TEST  RESUIITS 

Time  to  Fracture:  285.1  hours  (DNF),  99.4  hours  (ENF), 

24.9  hours 

*  Did  Not  Fracture 


FAL  93949  MAG:  lOX 


FISJHE  13-1:  Test  results  and  fractograpliy  of  Ti-6A1-4V  room  tenperature 
hydrogen  embrittlement  test. 


FIGURE  13-2;  C^tical  photoniicax)grapii  shcwiiig  the  dinpled  oyerstress  area 
near  tiie  center  of  the  speciiaen  fracture.  Ihe  specimen  e^diibits  a  mixture 
of  transgranular  and  intergranular  fracture. 


Etdiant;  Kroll's  Reagent 


FAM  99281  MAG;  SOX 


FIGURE  13“3:  Law  magnification  photograph  dewing  overstress  features  on 
the  fracture  surface. 


FAM  992B4 


MAG:  200X 


lilQJRE  13-^:  Higher  magnificatic»i  photogra^  of  the  edge  of  the  specimen. 
Ihe  ocJga  appears  flat  with  no  clear  shear  lip. 
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EAM  99285 


MRG:  lOOOX 


FIGURE  13“5;  Tensile  dinples  near  the  edge  of  the  specimen.  The  cutennost 
fracture  surface  is  relatively  smooth  and  featureless  (brackets) . 


FAM  99282  MAG:  200X 


FIGURE  13-6;  Equiaxed  dinpled  overstress  near  tlie  center  of  the  fracture 
surface. 
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FM  99287  MAG;  130X 


FIGURE  13-8:  Secxintiary  cyraclcing  in  the  notch  adjacent  to  the  priraaiy 
fracture  surface  (arrows). 


,vi.v  .K 


SERVICE  FTfflllRE 


mciURE  M3DE  Fatioue  (probable  HCF) _ 

PAST  NftME  locfp  Clcflnp  Bracket _ 

OFERAnCN  DATA  Bracket  secures  a  cushioned  loop  claiiiD  to  the  case. 

It  is  subjected  to  hicfli  vibratory  stresses. _ 

PAST  TIME _ 599.3  hours  (2473.0  operational  cycles) _ 


REQUIRED  ACTUAL 

BASE _ _ Ti-6AI-4V _ _  confirmed _ 

MAT'D 

OTHER _ ^ _ r _ 

BARENESS _  No  Reouireiment _ _  HRC  32-34  * 

GRAIN  SIZE _ No  Recaiirement - - _ - 

DIMEieiONAL  Thickness;  0.045-0.055  inch -  0.047-0.048  inch 


*  Diamond  pyramid  hardness  (DFH)  conversion. s 


SUMMARY;  The  bracket  fractured  by  fatigue  (probable  HCF)  progressing  from 
an  origin  adjacent  to  the  bolt  hole  at  the  bolt  head  contact  circle 
(fretting).  The  fatigue  progressed  approximately  0.45  inch  before  the  final 
fracture  occurred  by  overstress.  This  thvmbnail  was  clearly  visible.  Nb 
material  or  microstructural  defects  were  found. 
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FAL  88737 


MAG:  1  1/2X 


FAL  88738 


MAG:  4X 


FIGURE  13-9:  Overall  photogreqph  of  the  FIGURE  13-10:  Overall  photograph  of 
reassenibled  loc^  clanp  bracket.  The  the  fracture  surface.  Ihe  thumbnail 
origin  area  is  ^cwn  by  an  arrow  at  is  clearly  visible  indicating 
attachment  bolt  head  contact  circle.  prcpagation  from  origins  in  the 

bolt  liead  contact  circle. 


FAL  93469-93470  HAG:  lOX 


FIGURE  13-11:  OaTjxjsite  SEN  photograpJ:  of  the  thuntoail  region.  Ihe  origin 
is  at  an  area  of  fretting  associated  witli  tlie  attadment  bolt  head  contact 
circle  (arrow  and  bracket) . 


FIC3URE  13-12;  Remnant  features 
indicating  fatigue  at  the  boundary 
betweexi  the  thimibnail  (top)  and  the 
overstress  (bottotti). 


flGURE  13-13;  Boundary  betw^m 
fatigue  progression  (left)  and 
overstress  (ri^t) . 
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Sia«/ICE  EMIURE 


n^ACHJRE  M3DE  Hi{±i  Cvcle  Faticnie  _ 

PART  NSME  Axioitentor  Divergent  Section  Mode  Strut  Bracket _ _ 

OPERATION  DATA  The  bracket  operated  on  a  test  emlne  in  an  acceler¬ 
ated  mission  test  (AMT) .  *Iho  bracket  is  subjected  to 
both  static  and  cyclic  loading. _ 

PART  TIME  709.4  hours  (3062.75  operational  cycles  1 _ 


REQUIRED 


ACTUAL 


BASE _ Ti~6Al-4V _ _  confirmed 

MAT'L 


OIHER_  _  Plating;  Ni-Ti-B - -  confirmed 

BARENESS _ No  Requirement _ _  HRC  31~40  * 

GRAIN  SIZE _  No  Requirement  -  ASTM  0-2 _ 

DIMENSIONAL  Plating  Thickness; 0.001-0. 0015  inch - 0.0011-0.0014  inch 


*  Diamond  pyramid  hardness  (DFH)  conversions. 


SUMMARY;  Bracket  fracturai  tlirough  the  mode  strut  attachment  due  to  hi^ 
cycle  fatigue  (HCF) .  Transmission  electron  microscc^  (TE14)  examinatiOTi 
estimated  the  number  of  striations  on  fracture  2  bracket  position  E,  to  be 
75,000.  Ihe  smaller  cross  section  (inboard  sides)  cracked  first,  with 
origins  on  the  inside  surface  at  the  interface  of  the  base  metal  and  the 
plating.  Aluminum-rich  particles,  prc±>ably  aluminum  oxide  embedded  during 
grit  blasting  prior  to  plating  were  found  at  the  interface.  These  may  have 
acbai  as  origin  sites.  The  fatigue  progressed  throu^  the  entire  cross 
seccion  of  the  smaller  sides  and  througli  over  75%  of  the  larger  outboard 
sides.  The  meet  prchable  order  of  fracture  is  indicated  in  Figure  13-14. 
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FAL  88822 


MAG:  7/8X 


FAL  88827 


MAG:  3X 


AL  88825 


MAG:  12X 


FAL  93392 


MAG:  lOOX 


FIGURE  13-16;  Overall  photograph  of 
fracture  number  3.  Utie  origin  area 
iB  indicated  by  a  bracket. 


FIGURE  13-17:  SEM  photograpii  of 
tlie  origin  aiea  on  fracture 
number  3.  Feathery  cleavage 
facets  indicate  multiple  origins 
at  the  piating/basQ  metal 
interface  (arrow) . 


FAL  93391 


MAG:  300X 


FAL  93394 


MAG;  lOOOX 


FIOTRE  13-18;  Feathery  cleavage  facets 
can  be  seen  propagating  in  both  direc¬ 
tions  from  the  plating  base  metal 
interface  (arrows) . 


FIGURE  13-19:  Hi^er  magnifica¬ 
tion  view  of  the  origin  area. 


J  j- ■•  ® -■’stT-''  ^  :w.  •• 

e-  .  .  e  '.?*  ’•  ••  '■  ■■  '  ■" 

■■■■  :  ■ 
"  ;-V.  ..  ....  .  A^‘-' 

•  ••  ■  :  '•  ..  ' ;  j.-  ,  s.'.- 


^  ■\ 

•'93''^ 


•  ’  5-''  -5  •  «  ■  -j- 

i’Sv.fjli' 

7«'''.  'f  -v-f  ii\ 

•  S-'^X 

...:4  ... 


"V  '■■'ils’ 


FAL  93397 


lOOOX 


FAL  93398 


MAG:  lOOOX 


FIGURE  13-20;  SEM  photograph  of  a 
metal  lographic  cross  section  througli 
plating/base  metal  hrterface  in  the 
origin  area  (arrow) . 


FIOJl^E  13-21:  SE^V'XI]S  elemental  map 
sliowing  tlie  concx^ntration  of  M  at 
the  interface  (light  areas  indicate 
elevated  A1  concentration) . 


ACIUAL 


BASE  _ 

MAT'L 

amER_ 

HARCNESS _ 

GRAIN  SIZE  _ 
DIMENSIONAL 


*  Dlaonond  pyrandd  hardness  (DfH)  conversions. 


■SUMMARY!  Bolt  fractured  in  tensile  material  overstress  throu^  the  neck 
adjacent  to  a  change  in  section.  No  evidence  of  a  torsional  oopponent  was 
found,  indicating  that  the  bolt  was  not  cracked  during  assentoly  or 
fractured  during  disassembly.  No  material  or  microstructural  defects  were 
found. 
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EAL  49057  MAG:  2X  EAL  49058  MAG;  lOX 


EIGURE  13-22:  Overall  photograph  of  the  EIGURE  13-23:  Overall  photograph 
fractured  bolt.  An  arrow  indicates  the  of  the  fracture  surface, 
location  of  the  fracture  at  a  change  in 
section. 


EAL  93477  MAG;  500X  EAL  93479  MAG:  2000X 


FIGURE  13-24:  SEM  photograph  of  tlie  FICJIRE  13-25:  Fine  equiaxed 

fracture  surface  ^Kwing  fine  equiaxed  diii^)les. 

dix{)les. 
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V  -  KEFIKEliCE:  SEXinCN 


INOCCUCTIGN 

A  general  literature  survey  of  books,  periodicals,  and  r^rts 
pertaining  to  failure  analysis  and  fractography  was  used  to  create  an 
annotated  reference  sectiai  for  the  failure  ancilyst,  This  referaice 
sectioi  is  a  cross  referenced  source  of  information  vhere  data  on  ^)ecific 
subjects  of  interest  to  the  analyst  may  be  obtained.  These  sources  include 
teact,  ocnputer  information  services,  various  organizatic^  and  professional 
societies. 

A  literature  search  was  performed  throi;^  the  Uhited  Technologies 
Ctorporation  Library  System  (OTCIS)  for  books,  r^rts  and  periodicals  in 
the  ^stem,  and  throu^  the  DIADDG  ccnputer-based  search  service.  Throu^ 
the  DIALOG  system,  the  follcwing  two  data  bases  were  accessed  and  searched: 
1)  Metadex,  produced  by  the  American  Society  for  Metals  and  2)  Aero^ce 
Abstracts.  Key  words  "failure  analysis,”  "fractography,”  "fracture 
surface(s)”  and  ”fractogr^h(s) "  yielded  over  two  hundred  potential 
references.  Publications  locally  available  were  also  reviewed.  Fifty-one 
referenoes  have  been  selected  and  included  below.  Those  references 
considered  to  be  more  generally  useful  are  discussed  in  more  detail,  others 
mors  briefly  mentioned.  They  are  organized  into  subject  categories. 

Failure  Analysis  Handbooks 

The  American  Society  for  Metals,  now  ASM  International,  has  produced 
two  very  useful  failure  analysis  handbooks,  primarily  for  matals.  Also, 
the  Air  Force  has  produced  an  extensive  failure  analysis  handbook  for 
coiposite  materials.  These  publications  are  suranarized  below  in 
chronological  order: 

1)  American  Society  for  Metals,  "Failure  Analysis  and  Prevention,"  Metals 
Handbook.  8th  Ed.,  Vol.  10,  Wbtals  E^k,  Ohio,  1975,  604  pp. 

The  1975  ASM  Failure  .Analysis  Hajvdbook  is  an  excellent  reference 
source  for  both  beginning  and  experienced  failure  analysts.  The  book 
is  divided  into  four  principal  sections,  all  of  vhich  are  illustrated 
with  drawings  and  ptiotographs: 

"Engineering  Adjects  of  Failure  and  Failure  Analysis" 

This  section  discusses  fundamental  sources  of  failures,  then  describes 
general  practioa  and  techniques  to  be  used  in  failure  analysis. 

"Failures  from  Various  Mechanisms  and  Related  Environmental  Factors” 
This  second  section  emphasize  identification  and  characteristics  of 
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varicus  types  of  failure  modes,  including  those  induced  by  stress, 
tacperature  and  environmental  factors. 

"Analysis  and  Prevention  of  Service  Failures;  Products  of  Principal 
Metalworking  Processes" 

Ihis  third  section  describes  types  and  causes  of  failures  of  metal 
products,  including  those  produced  by  cold  forming,  forging,  casting, 
welding  and  brazing. 

"Analysis  and  Prevention  of  Service  Failures:  Manufactured  OorpcxTents 
and  Assemblies” 

The  final  sectioi  of  the  book  is  a  very  useful  ocnpilatiai  of  service 
failures  of  various  types  of  components,  such  as  shafts,  bearings, 
mechanical  fasteners,  wrings,  dies,  gears  and  pressure  vessels. 

2)  American  Society  for  Metals,  "Failure  Analysis  and  Preventicn,”  Metals 
Handbook.  9th  Ed.,  Vol.  11,  Metals  Park,  Ohio,  1986,  843  pp. 

Ihe  1986  ASM  Failure  Analysis  Handbook,  an  vpdated  and  eiqpanded 
versicMi  of  the  1975  ASM  Failure  Analysis  Handbook,  again  is  an 
excellent  reference  source  for  both  beginning  and  experienced  failure 
analysts.  The  book  is  divided  into  five  principed  sections,  all  of 
vhich  cire  illustrated  with  drawings  and  photographs: 

"Engineering  A;^»cts  of  Failure  and  Failure  Analysis” 

This  section  includes  a  glossary  of  terms  and  describes  general 
practice  and  techniques  to  be  used  in  failure  aralysis. 

"Failure  Mechanisms  and  Related  Environmental  Factors" 

This  second  section  eitphasizes  identification  and  characteristics  of 
various  types  of  failure  modes,  including  those  induced  by  stress, 
taiperature  and  environmental  factors. 


"Products  of  Principal  Metalworking  Processes” 

This  third  section  describes  types  and  causes  of  failure  of  metal 
products,  including  those  produced  by  cold  forming,  forging,  casting, 
welding  and  brazing. 

"Manufactured  Oompoimits  and  Assemblies" 

The  fourth  sectitxi  is  a  very  useful  ootpilaticMi  of  service  failures  of 
various  types  of  oonponents,  such  as  sliafts,  bearings,  mechanical 
fasteners,  springs,  tools  and  dies,  gears  and  pressure  vessels. 

"Engineered  and  Electronic  Materials" 

The  final  section  of  the  book  introduces  the  failure  analysis  of 
continuous  fiber  reinforced  ccitposites,  ceramics,  polymers  and 
integrated  circuits. 
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3)  B.  W.  Smith,  R,  A.  Grove  and  T.  E.  Munns, 

Failure  Analysis  of  Composite  Structural  Materials.  Interim  R^xart 
AFWAIraR--86“4033,  May  1986,  225  pp. 

R.  A.  Grove  and  B.  W.  Smith,  OomDendi-um  of  Post-Failure  Analysis 
Techniques  for  Ocroaosite  Materials.  Interim  R^rt  APViAL-TR-86-4137, 
January  1987,  399  pp. 

B.  W.  Smith  and  R.  A.  Grove,  Failure  Analysis  of  Conroosite  Structural 
Materials.  Final  R^rt  APWAL^-87-4001,  May  1987,  172  pp. 

Ihese  reports  present  work  done  at  Boeing  Military  Airplane  Ocitpany, 
Seattle,  Washingtai.  The  work  was  svpported  by  the  Materials 
laboratory,  (new  Wri^t  Research  and  Development  Center  -  WRDC) ,  Air 
Force  Wri^t  Aeronautical  Laboratory,  Air  Force  Systems  Ocomand, 
Wri^t-Patterson  Air  Force  Base,  Ohio. 

Interim  R^rt  ^-86-4033  suintiarizes  a  literature  search,  specimen 
producticn  and  testing,  and  evoluticai  of  diagnostic  techniques. 
Interim  R^rt  'IR-86-4137  centoines  the  above  and  crtdter  informatiai 
into  a  (xnpendiura  of  failure  analysis  techniques  for  cxnposite 
materials.  Final  R^rt  lR-87-4011  suntnarizes  the  results  published 
in  more  detail  in  the  above  r^rts,  and  demonstrates  the  use  of 
selec±ed  failure  analysis  techniques  for  actual  service  failures, 

Fractographic  Handbooks 


Both  the  Air  Force  and  the  American  Society  for  Metals  (ASM 
Interrational)  have  produced  very  useful  fractography  handboc^  for  both 
transmissiai  electron  microscope  (TEM)  fractographs  and  scanning  electron 
microscepe  (SBM)  fractographs.  Other  authors'  publications  are  also 
noteworthy.  A  general  limitation  of  all  fractography  handbooks,  iKJwever, 
is  that  not  all  ^lecific  alloys  of  interest  or  test/operating  conditions 
can  be  included.  In  most  cases,  the  quality  of  reproduced  fractographs 
could  be  improved.  These  publications  are  sumoarized  below  in 
chrchological  order: 

4)  A.  Phillipjs,  V.  Kerlins  and  B.  V.  Whiteson,  Electttan  Fractogrraphy 
Handbook.  Technical  R^rt  MIrTt3R-64-416,  Air  Force  Materials  Laboratory, 
Research  and  Technology  Division,  Air  Force  Systems  Oontnand, 
Wri^t-Patterson  Air  Force  Base,  Ohio,  January  31,  1965,  879  pp,  137 
references,  and 

A.  Phillips,  V.  Iferlins,  R.  A.  Rowe  and  B.  V.  Whiteson,  Electron 
Fractocfrqphy  Handbook  -  specific  Applications  of  Electron  Fractography. 
Technical  Report  AFMIrTR-64-416,  Supplement  II,  Air  Force  Materials 
Laboratory,  Air  Force  Systems  Contnand,  Wright-Patterson  Air  Force  Base, 
Ohio,  Mar^,  1968  ,  275  pp,  172  references  (including  previous  137) . 

Mote:  Supplement  1  (Decenber  1966)  emphasized  ^lecial  techniques  rather 
than  fractographs. 
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■Bie  Electron  Fractography  Handbook  (MCIC-4ffl-08,  Jtine  1976)  contains  an 
extensive  atlas  of  TEM  fractogrc^ahs  for  forty-five  aerospace  alloys, 
including  ^jecimens  of  smooth  and  notched  tensile,  shear,  torsion  and 
iaiact  overload  (overstress) ,  hi^  and  low  cycle  fatigue,  corrosion 
fatigue  and  thermal  fatigue,  at  low,  anibient  and  hi^  test 
tesHperatures.  Alloys  and  types  of  test  ^secimens  are  listed  in 
Tables  V-1  and  V-2.  Ihe  atlas  contains  TEM  fractographs  (usually  at 
6500X)  and  overall  fhotographs  (IX  -  18X).  Sections  on  r^lication 
techniques,  typical  fracture  modes  and  environmental  effec±s  are  also 
included.  Biis  handbook  is  very  xiseful,  the  significant  limitaticxi 
being  that  only  TEM  fractographs  are  included. 

5)  J.  L.  Harmon  and  C.  T.  Torrey,  Firactooraphic  Handbook.  AEC  Research 
and  Development  R^rt  KAPIj-3355,  Kholls  Atomic  Power  Laboratory, 
Schenectac^,  New  York,  September  19,  1968,  85  pp. 

The  Fractogrc^hic  Handbook  contains  an  atlas  of  TEM  fractogr^iis  for 
reactor  materials,  including  zirconium,  hafnium,  niobium  and  nickel 
alloy  test  specinens.  This  publication  was  given  only  limited 
distribution. 

6)  D.  A.  Render,  The  Elements  of  Fractocfraphy.  North  Atlantic  Treaty 
Organization  Advisory  Group  for  Aeroepaoe  Research  and  Develcpnent, 
ASARDograph  No.  155,  1971,  190  pp. 

This  publication  discusses  and  illustrates  the  use  of  transmission 
electron  microscopy  in  fractogre^hy  and  failure  analysis.  Divided 
into  twelve  chapters,  instrumentation  techniques  and  various  fracJture 
modes  are  included. 

7)  American  Society  for  Metals,  "Fractogrsphy  and  Atlas  of  Fractographs,” 
Metals  HangxxDk.  8th  E)d.,  Vol.  9,  Metals  Park,  Ohio,  1974,  499  pp., 
referencjes  on  techniques. 

The  1974  ASM  Fractography  Handbook  contains  an  extensive  atlas  of 
fractographs  for  nineteen  types  of  industrial  and  aerospace  alloys, 
with  wall  over  a  hundred  individual  alloys.  U^t  microsoope,  SEM, 

TEM  and  ocnparison  SEH/TEM  fractographs  are  presented.  Both  parts  and 
specimens  are  included,  primarily  exhibiting  tensicxj  overload, 
bending,  impact,  fatigue  and  stress  corrosion  cracking,  with  sene 
shear  and  torsion  overload,  stress-rupture  and  hydrogen  enhrittlenent. 
Sections  on  the  history  of  fractography,  the  care,  handling  and 
preparation  of  ^)ecimens,  photography,  scanning  electron  microscopy 
and  transmission  electron  microscopy  are  also  included.  This  handbook 
is  very  useful,  tlie  primary  limitaticn  being  that  no  attempt  was 
to  show  the  effects  of  variables,  such  as  stress  ccnditioi^  and 
teoperature,  on  fracture  features. 
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TABLE  V-l. 

CROSS  REFERENCE  INDEX  FOR  ATLAS  OF  ELECTRON  FRACTOGRAPHS,  ELECTRON  FRACTOGRAPHY 


cn 

2 

O 


o 

o 

QQ 

Q 

2 

< 

a; 


Q 

2 

O 

u 

|£] 

h 

D 

< 

o 

_] 

a 

u 

> 

o 


X 


X 


X 


X 


X 


X 


X  X 


X 


il 

<  u 


•i 

§ 


if  2  £|  S  S 

cl  rt  r: 

< 

C 


g  Wi  'y;  vj 

<  <1  <  < 

I 


$s 

a  S 

—  W 


Q  O 

<  < 


p-H 

Pi  C 

^  c 

-*  < 


.£  .S 
E  B 

II 

i  ^ 


’•rl  *4.  rj* 

<  <1  *-  <1  <  <1  52 


1 


X 


X 


X 


X 


X 


X 


i  X 


I  X 


X 


X 


X 


ISI 

•  ?  F 

'  s 

I  C  C 

(  <<  < 


< 

5 


< 

—  !• 


730 
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TABLE  V-2. 

CROSS  REFERENCE  INDEX  FOR  ATLAS  OF  ELECTRON  FRACTOGRAPHS,  ELECTRON 
FRACTOGRAPHY  HANDBOOK  -  FATIGUE  TEST  CONDITIONS 


Test  Type  and  Test  Temperature _  Corrosion 


Strength  Level 
or  Heat  Treatment 

High  Cycle  Fatigue 

Low  Cycle  Fatigue 

Fatigue 

Thermal 

.Alloy 

Low  Ambient  High 

Low  Ambient  High 

Ambient  High 

Fatigue 

Al-  Aluminum  Alloy 

■HHi 

Fusion  Weld 

T6 

X 

X 

2024 

2024 

T4 

T4  (Air  Quench) 

X 

X 

2024 

6061  ■ 

T851 

Fusion  Weld 

X  X 

6061 

7075 

T6 

T6-Spot  Weld 

X 

X 

7075 

7075 

T6 

T651 

X 

X 

X 

7079 

7079 

TG 

T651 

X 

X 

356 

T6 

X 

Fo-  Iron  Alloy 

AISI  1018 

AISI  4340 

Cold  Rolled 

180/200  lui 

X  X 

X 

AISI  4340 

HY-TUF 

260/280  bi 

240  bi 

X  X 

X 

X 

AISI  H-ll 

AISI  H-ll 

220/240  bi 

270/290  bi 

X 

X 

X 

T-1 

AISI  52100 

Fusion  Weld 

Rc60 

X 

X 

AISI  431  S.S, 

17.4PH  S.S. 

180/200  bl 

170/200  bi 

X 

X 

PHU-BMo  S.S. 

AM  350  S.S. 

SRH  950 

SCT  850 

X 

X 

AISI  301  S  S. 

AISI  302  S.S. 

1/4  Herd 

Ai'me4d«d 

XXX 

AISI  403  S.S. 

A-288 

160  bi  min 

UO  bi  min 

X  X 

I8Nl.9Co-5Mo 

300  bi 

X  X 

X 
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TABLE  V-2. 

CROSS  REFERENCE  INDEX  FOR  ATLAS  OF  ELECTRON  FRACTOGRAPHS,  ELECTRON 
FRACTOGRAPHY  HANDBOOK  -  FATIGUE  TEST  CONDITIONS  (CONTINUED) 


Test  Type  and  Test  Temperature 

Corrosion 

Strength  Level 

High  Cycle  Fatigue  Low  Cycle  Fatigue 

Fatigue 

Thermal 

Alloy 

or  Heat  Treatment 

Low  Ambient  High  Low  Ambient  High 

Ambient  High 

Fatigue 

Ti-  Titanium  Alloy 

5Al-2.5Sn 

8AI-IM0-IV 

Annealed 

Annealed 

X 

X 

6A1-4V 

13V-nCr-3Al 

Annealed 

Ased 

X  X  X  X  X 

Ni-  Nickel  Alloys 

Rene  41 

TD-Nickcl 

180  ksi 

Annealed 

X  X 

713C 

Inconel  718 

Annealed 

180/200  kai 

X  X 

X 

Waspaloy 

Udimet  700 

160/180  kai 

180/200  ksi 

X  X 

MR-Meffnesium 

AZ-81 

AZ.31B 

T4 

Aa  Eatwdftd 

X 

X 

Be- Beryllium  Alloy 

Unalloyed 

Beryllium 

Annealed 

X 

Mo-Molybdenum 

TZM 

Streu  Relieved 

X 

Ta-TenUlum  Alloy 

90T«-10W 

Sweae  Relieved 

X 

Co-Cob«lt  Alloy 
L  605 


125  k«i  mm 


X 


8)  T.  E.  Tallian,  G.  H.  Balle,  H.  Dalai  and  0.  G.  Gustafsoi, 

Rolling  Bearing  Damage  -  A  Monoholcxfical  Atlas.  SKF  Industries,  Inc.,  King 
of  Prxissia,  Penn^lvania,  1974,  351  {p. 

Ihis  bode,  divided  into  twenty-three  chapiters,  is  a  very  good 
collection  of  illustrations  of  various  kinds  of  bearing  damage  and 
failures.  Overall  photogre^ihs,  optical  and  scanning  electron 
microsoepe  photogre^ihs,  and  optical  pihotcxQicrogra^3hs  are  included. 

9)  G.  F.  Pittinato,  V.  Kerlins,  A.  Etiillips  and  M.  A.  Russo,  SEiyTEM 
Fractographv  Handbook,  occpiled  fay  McDonnell-Dcuglas  Astronautics  CJotpary, 
Huntington  Beach,  California,  published  by  Metals  and  OercHnics  Information 
Center,  Battelle  Columbus  laboratories,  Columbus,  Ohio,  and  spensored  by 
the  Air  Force  Materials  laboratory.  Air  Force  Wri^t  Aeronautical 
laboratories,  Air  Force  Systems  Ocranand,  Wri^t-Patterson  AFB,  Ohio, 
Deoesiber,  1975,  691  pp,  34  references. 

The  SEIVTEM  Fractography  Handbook  {MCIC-HB-06)  contains  an  extensive 
atlas  of  fractograpJis  for  twenty-six  aeroqpaoe  alloys,  including 
specimais  of  smooth  and  notched  tensile  overload  (overstress) ,  smooth 
and  notched  hi^  cycle  fatigue,  low  cycle  fatigue,  stress  n^pture, 
therrial  fatigue  and  str^s  oorrosion.  Alloys  and  types  of  test 
^jecimens  are  listed  in  Table  V-3.  Although  the  atlas  predaainantly 
contains  SEM  and  TEM  fractographs  at  apprqpriate  magnifications, 
overall  photographs  (usually  at  8X)  and  optical  pixstodderographs  of 
metallographic  sections  (usually  in  the  100X-400X  range)  are  included. 
Chapters  cn  the  care,  liandling  and  prqparation  of  saitples,  and  on 
typical  fracture  modes,  are  also  included.  This  handbodc  is  very 
useful,  the  only  limitation  being  that  no  attaapt  was  made  to  the 
effects  of  variables,  such  as  stress  cenditions  and  tesiperature,  on 
fracture  feature. 

10)  S.  Bhattacharyya,  V.  E.  Johnson,  S.  flgarval  and  M-A.H.  Hcjwes  (Ed.), 

ffcanniyw  Eleptpon  tjjcrDscocy.  Metals  Research  Division,  ItT  Research 
Institute,  Chicago,  Illinois,  January,  1979,  570  pp.,  20  referaaoes. 

The  inRI  Fracture  Handbook  ccsitains  an  extensive  atlas  of 
fractographs  for  thirty-four  industriad  and  aerospace  alloys, 
incluiing  specimen  of  taB.lle,  torsion  and  notch  bend  overstress,  low 
and  hii^  cycle  fatigue  in  axial,  bending,  rotating  beam  and  rolling 
contact  modes,  charpy  v-notch  inpact  and  stress  rupture.  Altixau^  the 
atlas  piredcminantly  esantait^  SEM  fractogr^iTS  at  appropriate 
as^rifications,  overall  photographs  and  optical  lixstciaicrographs  of 
metallographic  sectic#^  are  included.  Specimen  surface  oemditions  are 
also  dociBiiented  by  SEM  pJ^iobograpiis.  A  brief  introductory  soctiai 
summarizes  the  care,  handling  and  preparation  of  saitples,  and 
describes  some  t^ical  fracture  modes.  This  handbock  is  very  useful. 


734 


TABLE  V-3. 

INDEX  OF  ATLAS  OF  FRACTOGRAPHS,  SEM/TEM  FRACTOGRAPHY  HANDBOOK 


Material 

and 

Heat  Treatment 

Tensile 

Ouerioad 

Sntooth  Notched 

High 

Smooth 

Fatigue 

Cycle 

Notched 

Um 

Cycle 

Smooth 

Stress 

Rupture 

Thermal 

Fatigue 

Stress 

Corrosion 

2124  T851 

X 

X 

X 

X 

X 

X 

2219  T87 

X 

X 

X 

X 

X 

X 

7075  T76511 

X 

X 

X 

X 

X 

X 

7175  T736 

X 

X 

X 

X 

X 

X 

7050  T736 

X 

X 

X 

X 

X 

X 

7049  T73 

X 

X 

X 

X 

X 

X 

Ti-8Al-lMo-lV  Ann. 

X 

X 

X 

X 

X 

Ti-6Al-6V-2Sn  Ann. 

X 

X 

X 

X 

X 

Ti.6Al-2Sn-4Zr-6Mo  Ann. 

X 

X 

X 

X 

X 

Ti-17  STA 

X 

X 

X 

X 

X 

MP35N  WSA 

X 

X 

X 

X 

X 

HY-180-10Ni  QA 

X 

X 

X 

X 

X 

300M  QT 

X 

X 

X 

X 

X 

X 

PH  13-8MO  H-1000 

X 

X 

X 

X 

X 

440C  Rc55  min. 

X 

X 

X 

X 

X 

X 

9Ni-4Co-.3C  QT 

X 

X 

X 

X 

X 

9Ni-4Co-.2C  QT 

X 

X 

X 

X 

X 

D6AC  QT 

X 

X 

X 

X 

X 

IN  100  STA 

X 

X 

X 

X 

X 

X 

X 

Incoloy  901  STA 

X 

X 

X 

X 

X 

X 

X 

Inconel  625  ST 

X 

X 

X 

X 

X 

X 

X 

Haynes  188  Ann. 

X 

X 

X 

X 

X 

X 

X 

MAR-M-200+Hf  STA 

X 

X 

X 

X 

X 

X 

X 

Rene  95  STA 

X 

X 

X 

X 

X 

X 

X 

TD  Ni-20Cr  Ann. 

X 

X 

X 

X 

X 

X 

X 

Rene  120  STA  X  X  X  X  X  X  X 


the  major  limitation  being  that  environmental  modes  (such  as  stress 
corrosion  cracking  and  hydrogen  anbrittlement)  were  not  errplasized. 

11)  G.  Henry  and  D.  Horstmann,  "Fractography  and  Microfractogr^hy, '* 

De  Ferri  Metalloqraphia .  Vol.  5,  -Verlag  Stahleisen  m.b.H.,  Dusseldorf, 

1979,  445  pp. 

rractogrc^y  and  Microftactography  contains  an  atlas  of  SEM  and  TEM 
fractogr^hs  and  some  photonicrogr^jhs  for  plain  carixxi  steels,  lew 
alley  steels,  cast  irons  and  scane  stainless  steels.  Both  ^jecimen  and 
service  fractures  are  included,  as  are  various  n^xture  (fracture) 
mechanisms,  such  as  ductile  diitples,  cleavage,  fatigue,  intergranular 
and  cre^.  An  introductory  chapter  discusses  es^jerimental  techniques, 
scanning  and  transmission  electron  microscopy.  This  handbook  is  of 
limited  utility  for  aerospace  alloys  since  it.  is  limited  to  ferrous 
alloys. 

12)  L.  Engel  and  S.  Murray,  An  Atlas  of  Metal  Damage.  Translated  by  S. 

Murray,  Prentice-Hall,  Inc.,  Englewood  Cliffs,  New  Jers^,  1981,  271  pp. 

The  Atlas  of  Metal  Damage,  as  the  title  inplies,  is  organized 
according  to  various  damage  mechanisms  and  their  appearances.  The 
general  categories  are  internal  metallurgical  defects,  mechanical 
fracture,  meciianical  loading  and  chemical  attack,  thermal  stress 
fracture  and  surface  damage.  Included  within  mechanical  fracture  are 
ductile  rupture  at  room  and  e’  svated  tewperatures,  transcrystallire 
and  intercrystalline  brittle  fracrtiures,  fatigue  frac±ures,  stress 
corrosion  cracking,  corrosion  fatigue  and  hydrogen-induced  fracture. 
Althougii  not  c»nducive  to  locating  fractographs  for  a  particular 
alley,  the  quali^  of  diagrams  and  SEM  fractograptis  at  appropriate 
xnagnifications  is  excellent,  making  this  a  useful  referenoe  book  for 
fractography  features.  Also  included  are  brief  introductions  to  the 
structure  of  metals  and  jiethods  of  examination,  including  sc:anning 
electron  itiicroscxpy,  X-ray  microanalysis  and  Auger  electron 
^jeetrosoepy. 


13)  S.  P.  Abeln,  B.  A.  Ccwles  and  E.  I.  Veil, 

Fractography  of  EWA  1073/1074 

Gatorized  INIOO  Nickel-Base  pewder  Metallurgy  Superallov.  R^rt  FR- 15704, 
prepared  for  Air  Force  I'ftright  Aeronautical  Laboratory,  Wri^t  Patterscan 
AFB,  Dayton,  Ohio,  YZFS/ASD,  Air  Force  Contract  F33657-81-C-0001,  United 
Technologies/Pratt  &  VJhitney  Aircraft,  October  30,  1981,  78  pp. 

The  INIOO  Fractography  Report  contains  an  extensive  atlas  of  SEM  and 
TEH  fractographs  taken  from  test  specimens,  includijig  tensile,  stress 
rupture,  hi^  cycle  fatigue  and  low  cycle  fatigue  ^)ecimsns,  tested  at 
various  temperatures,  overall  photographs  are  also  included.  The 
sain  limitation  is  that  this  report  is  not  widely  available. 
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14)  P.  L.  Stuirpff  and  J.  A.  Snide,  Fractocnraphv  of  Oociposites.  Interim 
Tedinical  Import  AFVIAIHIP-86-4044,  Ifetericds  Laboratory,  Air  Force  Wri^t 
Aeronautical  Laboratories,  Air  Force  Systems  Ccnsnand,  Wri^t-Patterson  Air 
Force  Base,  Ohio,  Octctoer  1986,  113 

FTactogr^y  of  Ocnposites  is  the  first  st^  in  the  developient  of  a 
ocnprdiensive  fractogr^Siy  hcindbook  for  ocrposite  itaterials.  This 
Fwblicaticai  predcxninantly  included  specimens  of  gr^iiite/^x»^ 
material  in  tensicsi,  octpression,  flexure,  fatigue  and  interlaminar 
shear  in  orientations  of  0,  90  and  45  degrees  at  room  temperature. 

15)  ASM  International  (formerly  American  Society  for  Metals) , 
'•Fractogr^y,'*  Metals  Handbook.  9th  Ed.,  Vol.  12,  Metals  Park,  Ohio,  1987, 
517  pp, ,  references  on  techniques. 

Ihe  1987  ASM  FTactography  Handbook  contains  an  extensive  atlas  of 
fractogir^jhs  for  twenty-five  types  of  industrial  and  aero^ce  alleys, 
plus  cenposite,  ceramic  and  polymer  materials.  Although  lic^t 
microscqpe,  SEM  and  TEM  fractographs  are  presented,  the  latter 
received  much  less  emphasis  in  this  edition  than  in  the  previous  1974 
editiai.  Both  parts  and  test  specimens  are  included,  primarily 
exhibiting  dimple  rupture,  cleavage,  decohesive  npture  and  fatigue 
features.  Sections  on  the  history  of  fractography,  the  care,  harriling 
and  preparation  of  specimens,  photography,  scanning  electron 
microscepy  and  transmission  electron  microscopy  are  also  included. 

This  handbook  is  very  useful,  the  primary  limitation  again  beir^  that 
no  attempt  was  made  to  show  the  effects  of  variables,  such  as  stress 
conditions  and  temperature,  on  fracture  features. 

Failure  Analysis  Ekx)ks  and  Articles 

In  addition  tc^  failure  analysis  handbooks,  a  nunher  of  failure 
analysis  books  and  articles  have  been  published.  Some  of  these  are  good 
introductory  sources  of  information,  while  others  deal  with  more  specific 
topics.  Selected  publications  are  summarized  below  in  chronological  order; 

16)  D.  J.  WUlpi,  '*How  Components  Fail,"  Metal  Progress  Book  Shelf. 

American  Society  for  Metals,  ESetals  Park,  Ohio,  1966,  56  pp. 

Ihis  publication  presents  a  practical  introductory  treatment  of 
failure  analysis.  It  is  divided  into  ten  chapters,  inclixiing  types  of 
loading,  modes  of  fracture,  fatigue,  failures  of  shafts  and  gears. 
Although  no  longer  in  print,  many  copies  still  exist. 

17)  C.  Lipson,  "Basic  Course  in  Failure  Analysis,"  r^rint  of  articles 
published  in  Machine  Design.  October  16,  1969  -  January  22,  1970,  Ffenton 
Education  Division,  Cleveland,  Ohio,  1970,  40  pp. 
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As  the  title  inplies,  this  is  a  good  basic  course  on  failure  analysis. 
The  course  is  divided  into  ei^t  lessons,  including  types  of  failures, 
failure  inodes,  wear,  pitting  and  corrosion. 

18)  V.  J.  Colangelo  and  F.  A.  Reiser,  Analysis  of  Metallurgical  Failures, 
John  Wiley  and  Sor\s,  Inc.,  1974,  357  pp. 

The  authors  present  a  coordinated  ^jproach  to  failure  analysis.  The 
book  is  divided  into  thirteen  dtiapters,  including  investigative 
procedures,  testing  methods,  fractogi^Dhy,  and  various  failure  modes. 

19)  S.  Kocanda,  Faticaie  Failure  of  Metals,  translated  lay  E.  Lepa, 
Wydawnictwa  Naukowo-Techniezne,  Warsaw,  Poland,  1978  ,  368  pp. 

Chapter  5  of  this  book,  p.  269,  discusses  and  illustrates  many  of  the 
characteristic  features  of  fatigue  fractures,  both  macrostoucturally 
and  microstructurally.  A  model  for  the  formation  of  fatigue 
striaticns  is  discussed. 

20)  A.  Madeyski,  "A  Systematic  i^roach  to  Failure  Analysis”  -  Parts  I,  II 
and  III,  Metal  Procrress.  May,  June  and  July  1984,  pp.  57-61,  37-43  and 
33-36. 

Part  I  "presents  a  recipe  for  conducting  typical  metallurgical  failure 
analyses,"  including  the  gathering  of  preliminary  evidence,  protection 
of  fracture  surfaces,  non-destructive  examination  and  measurements, 
preparing  specimens  and  identifying  fracture  origins,  and  the  use  of 
low  power  li<5hi^  microsoopy. 

Part  II  discusses  and  illustrates  the  use  of  scaiining  electron 
microscopy  in  failure  analysis.  Methods  of  reamoving  surface  oxides 
are  also  discussed,  as  are  various  fracture  modes  in  steel. 

Part  III  discusses  other  analytical  methods  that  my  be  used  in 
failure  analysis,  such  as  transmission  electron  microscopy  of  rqplicas 
and  thin  foils,  and  more  advanced  techniques.  Ocxwentional 
metallograpliy,  botli  with  optical  and  electroji  microscopes,  should  not 
be  neglected. 


21)  C,  M.  Jackson  and  R.  D.  Buchheit,  "Failure  Analysis  of  Industrial 
Equipaent  and  Products,"  Mechanical  Engineering.  July  1984,  pp.  33-37. 

In  addition  to  discussing  vrtiy  and  hew  to  perform  failure  analyses,  the 
authors  also  distinguish  between  how  something  fails  and  vhy  it  fails. 
The  ultimate  goal  is  to  debermina  the  root-cause  of  the  failure. 
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22)  D.  J.  Wulpi,  Understanding  Hew  Ccatiponents  Fail.  American  Society  for 
Metals,  Metals  Kurk,  Ohio,  1985,  262  pp. 

Ihis  book  is  more  than  just  an  expanded  version  of  Wulpi 's  previous 
publication.  It  is  divided  into  fourteen  chapters,  including  failure 
analysis  techniques,  types  of  failures,  modes  of  fracture,  mechanical 
adjects  of  fracture,  and  a  good  chapter  on  residual  stresses. 

23)  L.  E.  Alban,  Systematic  Analysis  of  Gear  Failures.  American  Society 
for  Metals,  Metals  Park,  CXiio,  1985,  227  pp. 

the  author  offers  a  systematic  approach  to  the  analysis  of  gear 
failures.  The  book  is  divided  into  seven  chapters,  including  design 
and  characteristics  of  gears,  operating  environments,  methods  of 
examination,  modes  and  causes  of  failure,  analysis  aM  resort  writing. 

24)  G.  A.  Lange  (Ed.),  Systematic  Analysis  of  Technical  Failures.  Deutsche 
Gesellschaft  fUr  Metallkunde,  Germany,  1986,  401  pp. 

This  book  is  divided  into  fifteen  sectiens,  including  working 
procedures,  causes  and  diaracteristics  of  fractures,  and  various  modes 
of  failure.  Also  presented  are  sections  on  fractography  of  fractures, 
including  a  good  section  on  fractographic  features  of  fatigue. 

25)  L.  E.  Murr,  What  Every  Engineer  Should  Know  About  Material  and 
Oenpopent  Failure.  Failure  Analysis,  and  Litigation.  Marcel  Dekker,  Inc., 
1987,  160  pp. 

Ihe  author  enphasizes  sonve  of  the  legal  aspects  of  failure  analysis, 
in  addition  to  introductory  chapters  on  the  structure, 
characterization  and  testing  of  materials.  Case  exanples  are 
included. 


Failure  Analysis  Source  Books  and  case  Histories 


Several  failure  analysis  source  books  and  case  histories  have  been 
conpiled,  again  with  the  American  Society  for  Metals  (ASM  International) 
being  a  prominent  cojitributor.  Hiese  publications  are  sunmarized  below  in 
chronological  order: 

26)  American  Society  for  Metals,  Source  Book  in  Failure  Analysis.  Metals 
Park,  Ohio,  1974,  406  pp. 

Ihis  source  book  is  a  collection  of  articles  and  case  histories  frcati 
the  periodiced  literature.  It  is  divided  into  three  sections: 
Analysis  and  Interpretatiw,  case  Histories,  and  Techniques  and  Tests. 
Over  fifty  case  histories  are  presented,  primarily  industrial,  with 
seme  aerospaoe  failures  included. 
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27)  American  Society  for  Metals,  Case  Histories  in  Failiire  Analysis. 

Metals  Kirk,  Ohio,  1979,  427  pp. 

'Hiese  case  historias  were  originally  published  in  German  and  English 
in  Praktische  Metallooraphie  by  Dr.  Riederer  -  Verlag  GtobH,  Stuttgart, 
Vilest  Germany,  1968-1977  <  Included  in  this  book  are  112  case  histories 
organized  into  four  sections:  desigiVprocessing,  service,  materials 
and  environment-  related  failures.  Examples  of  many  failure  modes  are 
included,  such  as  fatigue,  hydrogen  damage,  oorrosioi,  etc.  Most  of 
the  histories  are  industrial  (non-aerospace)  ir.  nature.  A  major 
limitation  is  that  mostly  cptical  photographs  isrsi  photcndcrogrephs 
were  included,  with  only  a  few  scanning  elecKx::^!  fractogr^iis. 

28)  F.  R.  Hutchings  and  P.  M.  Unterweiser,  Failure  Analysis  :  Ihe  British 
Engine  Technical  Reports.  American  Society  for  Metals,  Metals  Park,  Ohio, 
1981,  496  pp. 

The  contents  of  this  book  were  originally  presented  in  Volumes  I 
throu^  XIII  of  Technical  Reports  published  by  British  Engine 
Insurance  ltd.  It  is  predominantly  a  ocnpilation  of  case  histories, 
with  failures  organized  as  to  being  environment,  desi^prooessing, 
materials  or  service  related.  Most  of  the  histories  are  industrial 
(non-aerospace)  in  nature  and  seme  tend  to  be  dated.  A  major 
limitation  is  that  only  optical  photographs  and  photomicrographs  were 
included,  with  no  scanning  or  transmission  electron  fractogra^. 

29)  American  Society  for  Metals,  Tool  and  Die  Failures  -  Source  Book, 
compiled  and  edited  by  S.  Kalpakjian,  ItetaXs  Park,  Ohio,  1982,  430  pp. 

Ihis  source  book  is  a  collection  of  forty  articles  from  the  technical 
literature.  It  is  a  good  reference  source  for  this  narrow  field,  and 
is  divided  into  six  sections:  Ibol  and  Die  Steels,  Carbide  and 
Ceramic  Tools  and  Dies,  Die  Casting  Dies,  Fracture  Toughness  -  Tool 
and  Die  Steels,  Fracture  Tou^iness  -  carbides,  and  Properties  of  Tool 
and  Die  Steels. 

30)  F.  K.  Naumann,  Failure  Anal^^is  -  Case  Histories  and  Methodology, 
translated  from  the  German  version  by  c.  G.  Goetzel  and  L.  K.  Goetzel, 

Dr.  Riederer  -  Verlag  GmbH,  Stuttgart,  West  Germany,  and  American  Society 
for  Metals,  Metals  Park,  Ohio,  1983,  483  pp. 

Most  of  the  investigations  described  in  this  book  were  conducted  at 
the  Max-Planck-Institut  fur  Eisenforschung,  Dusseldorf,  West  Germany. 
The  case  histories  are  organized  into  chapters  covering  various  root 
causes  of  failures,  such  as  planning  errors,  faulty  material 
selection,  processing  errors,  etc.  A  major  limitation  is  that  the 
histories  are  limited  to  iron  and  steel  parts. 
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f^acial  Riblicaticns 


Many  special  publications  are  collections  of  technical  papers 
presented  at  conferences  and  syirposiunis.  Ihe  Anerican  Society  for  Testing 
and  Materials  (ASIM)  and  the  Anerican  Society  for  Metcils  (ASM 
International)  are  proninent  sponsors,  ihese  technical  papers  are  often  of 
specific  interest  to  a  few  rather  than  of  general  interest  to  many  failure 
analysts.  Selected  publications 'are  briefly  summarized  below  in 
chTMiological  order,  alaig  with  mention  of  seme  included  papers  that  may  be 
of  more  general  interest: 

31)  American  Society  for  Testing  and  Materials,  Electron  Fractoaraphv.  a 
syiiposium,  ASTM  Special  Techniceil  Publication  (STP)  436,  July  1968,  230  pp. 

This  book  is  a  collection  of  technical  papers  presented  at  the 
Seventieth  Annual  Meeting  of  the  American  Society  for  Testing  and 
Materials  in  1967.  It  is  a  good  early  reference  source  of 
transmission  electron  microso^  fractography  techniques,  including  a 
paper  by  Beachon  and  Meyn. 

32)  American  Society  for  Testing  and  Materials, 

Electron  MigrofractoctraiJhv.  a  synposium,  ASIM  Special  Technical  Publication 
(STP)  453,  October  1969,  235  pp. 

This  book  is  a  collection  of  technical  papers  presented  at  the 
Seventy-first  Annual  Meeting  of  the  American  Society  for  Testify  areJ 
Materials  in  1968.  It  includes  a  good  paper  by  Williams,  Beyer  arKi 
Blackburn  cm  the  influence  of  taicrostrujt±ure  on  the  fracture 
topograpliy  of  titanium  alloys. 

33)  American  Society  for  Testing  and  Materials,  IfactociraDhv  -  Microscopic 
Crackinc}  processes,  a  synposium,  ASTM  Special  Technical  Publication  (STP) 
600,  editoi  by  C.  D.  Beachem  and  W.  R.  Warke,  Jurte  1976,  261  pp. 

This  bcx3k  is  a  cjollection  of  technical  papers  presented  at  the 
Seventy-eighth  Annual  Meeting  of  the  American  Society  for  Testing  and 
Materials  in  1975.  It  includes  a  gcxxJ  paper  by  Chesnutt,  ihocies  and 
Williams  relating  mechanical  properties,  micaccstnKhure  and  fracture 
surface  topography  in  adpha  plus  beta  titajiium  alloys. 

34)  American  Society  for  Testing  and  Materials,  Fractoctraphv  in  Failure 
Analysis,  a  symposium,  ASTM  ^jecial  Technical  Publication  (STP)  645,  May 
1978,  387  pp. 

This  bc»k  is  a  collection  of  technical  papers  presented  at  a  synposium 
during  tlie  May  Oexanittee  Week  of  the  American  Society  for  Testing  and 
Materials  in  1977.  It  includes  a  paper  by  Meyn  illustratii^ 
fractogr^hic  aniilysis  techniques  througJi  several  case  histories. 
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35}  Metallography  in  Failure  Analysis,  a  syitpositan,  edited  by  J.  L,  MoCall 
and  P.  M.  French,  Plenum  Press,  New  York,  1978,  301  pp. 

Proceedings  of  a  synposium  sponsored  by  the  American  Society  for 
Metals  and  the  International  Metallographic  Society  held  in  Houstcxi, 

•  Texas,  July  1977.  This  book  presents  several  good  review  sections  on 
failure  mechanisms,  macrosccpic  examinations,  SEM  examinations,  origin 
areas  in  fatigue,  along  with  included  case  histories. 

36)  American  Institute  of  Mining,  Metallurgical  and  Petroleum  Engineers, 
Hydrogen  Effects  in  Metals,  a  conference,  edited  by  I.  M.  Bernstein  and  A. 
W.  ■nnoapson,  Ihe  Metallurgical  Society  of  AIME,  1980,  1059  pp. 

This  book  is  a  collection  of  technical  papers  presented  at  the  Third 
International  Conference  on  Effects  of  Hydrogen  on  Behavior  of  Metals, 
^nsored  by  the  Ihysical  Metallurgy  and  Mechanical  Metallurgy 
Oommittees  of  The  Metallurgical  Society  of  AIME,  the  Naticanal  Science 
Foundaticxi,  and  the  U.S.  Air  Force  Office  of  Scientific  Research, 
Moran,  v^cming,  August  1980. 

Included  is  a  paper  by  Walter,  Frandsen  and  Jewett  on  the  fracbography 
of  alloys  tested  in  hi^  pressure  hydrogen.  Specimens  of  Irconel  718 
Otfrouc^t  and  cast),  Waspalcy,  Incoloy  903,  Mar-M-246  and  Haynes  188 
ware  tested  and  examined.  Examination  shewed  that  the  hydrogen 
environment  produced  a  brittle  fracture  mode,  either  transgranular  or 
intergranular,  in  all  alloys  examined  except  for  Incoloy  903  and  cast 
Inocx^  718,  vhich  were  basiaally  ductile. 

37)  Engineering  Applications  of  Frac±ure  Analysis,  a  ocxiferenoe,  edited  by 
G.  G.  Garrett  and  D.  L.  Marriott,  Pergamon  Press,  1980,  440  pp. 

This  book  is  a  cx)llecticn  of  tecimical  papers  presented  at  the  First 
National  Ctonferenoe  on  Fracture  held  hi  Johannesburg,  Soutli  Africa,  in 
1979,  including  a  review  by  Luyckx  on  fractography  as  a  tool  for 
failure  analysis. 

38)  American  Society  for  Testing  and  Materials,  fi-actograohv  and  Material 
Science,  a  synpe^ium,  ASTM  Special  Technical  Publication  (STP)  733,  edited 
by  L.  N.  Gilbertson  and  R.  D.  Zipp,  May  1981,  447  pp. 

This  book  is  a  collection  of  technical  papers  presented  at  a  synposium 
sponsored  by  ASTM  CJorenittee  E-24  on  Fracture  Testing  and  Suboaritiittee 
E24.02  on  Fractography  and  Associated  Micrcstructures  in  Williamsburg, 
Virginia,  November  1979.  Included  is  a  good  paper  by  Meyn  and  Brooks 
on  the  nuarostructural  origin  of  flutes  c»i  fracture  surfaces  of 
titanium  alloys,  and  how  these  distinguish  stress  corrosion  cracking 
fron  striat ionless  fatigue  cleavage. 
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Another  pe^ier  included,  by  Au  and  Ke,  correlates  fatigue  crack  grcwth 
rate  and  striation  spacing  in  AISI  9310  (AMS  6265)  steel.  Fatigue 
fractogr^iis  are  given  for  both  carburized  and  non-carburized 
^)eci(nens. 

39)  Intemationcil  Metallographic  Society,  "Proceedings  of  the  Thirteenth 
Annual  Technical  Mseting,"  Microstructural  Science.  Vol.  9,  edited  by  G. 
Petzow,  R.  Ihris,  E.  D.  Albrecht  and  J.  L.  McCall,  Elsevier  North  Holland, 
Inc. ,  New  York,  1981,  446  pp. 

Included  is  a  technical  paper  by  Caskey  that  discusses  and  illustrates 
the  fractogra^hy  of  hydrogen  embrittled  iron-cSnxciium-nickel  adloys. 

40)  American  Society  for  Metals, 

Fracture  and  Failure;  Analyses,  Mechanisms  and  Applications,  edited  by  P. 

P.  Tur^,  S.  P.  Agrawal,  A.  Kiimar  and  M.  Katcher,  Metals  Park,  Ohio,  1981, 
183  pp. 

This  book  is  a  collection  of  technical  papers  presented  at  American 
Society  for  Metals  Fracture  and  Failure  Sessions,  at  the  1980  W^tem 
Metal  and  Tool  Exposition  and  Confereixe  (WESTBC) ,  los  Angeles, 
California,  March  1980. 

41)  Atomistics  of  Fracture,  a  ccnferenoe,  edited  by  R,  M.  Latanision  ard 
J.  R.  Pickens,  NATO  OOTiference  Series  VI  (Materials  Science) ,  Vol.  5, 

Plenum  Press,  New  York  and  London,  1983,  1071  pp. 

This  book  is  a  collection  of  technical  papers  presented  at  NATO 
Advanced  Institute  on  Atomistics  of  Fracture  held  at  Calcato^io, 
France,  in  1981.  It  includes  a  good  introductory  discussion  of 
fractography  and  how  it  is  used  to  identify  fracbjre  modes,  by 
Palloux.  Also  included  is  a  somev^t  theoretical  review  of  hydrogen 
related  fracture  of  metals,  by  Binibaum. 

42)  American  Society  for  Testing  and  Materials,  fractography  of  O-ramic 
and  Metal  Failupes.  a  synposium,  AS'IM  special  Technical  Publication  (STP) 
827,  edited  by  J.  J.  Macholsky,  Jr.,  and  s.  R.  Powell,  Jr.,  1984,  416  pp. 

This  book  is  a  collection  of  tectnical  papers  presented  as  a  synposium 
sponsored  by  AS'IM  Ooirmittee  E-24  on  Fracture  Testing  in  Fhiladelphia, 
Pennsylvania,  April  1982.  Included  is  a  paper  by  Veochio  and 
Kartzberg  on  cleaning  techniques  for  pcet-failure  analysis,  and 
examination  of  the  effectiveness  of  Alconox  in  cleaning  corroded 
fracture  surfaces  of  bridge  steel. 

43)  Time-Dependent  Fracture.  "Proceedings  of  the  Eleventh  Canadian 
Fracture  Conference,"  edited  by  A.  S.  Krausz,  Martinus  Nijhoff  £\iblishers, 
1985,  298  pp. 
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Hiis  book  is  a  collection  of  technical  papers  presented  during  the 
OOTiferenoe  at  Ottcwa,  Canada,  June  1984.  Included  is  a  paper  by 
Dickson  and  Bailcai  that  discusses  and  illustrates  some  of  the 
fractogrc^Aiic  features  associated  with  environmentally  assisted 
cracking. 

44)  International  Metallographic  Society,  "Proceedings  of  the  Ei^teenth 
Annual  Technical  Meeting,"  Microstructural  Science.  Vol.  14,  edited  by 

M.  R.  Lowthan,  Jr.,  I.  L^y  and  G.  F.  Vander  Voort,  American  Society  for 
Metals,  1987,  598  pp. 

Included  is  a  technical  paper  by  cialone  and  Holbrook  that  discusses 
and  illustrates  seme  microstructural  and  fractographic  features  of 
hydrogen  aooelerated  fatigue  craede  growth  in  steels. 

45)  American  Society  for  Testing  and  Materials,  Fractographv  of  Modem 
Encfineerinq  Materials;  Composites  and*  Metals,  a  synposium,  ASIM  ^jecial 
Technical  Riblication  (STP)  948,  edited  by  J.  E.  Masters  and  J.  J.  Au, 

1987,  460  pp. 

Ihis  book  is  a  collection  of  technical  papers  presented  at  a  synposivim 
^x)nsorod  by  ASIM  Oottmittees  E-24  on  Fracture  Testing  and  D“30  on  High 
Modulus  Fibers  and  Iheir  Cemposites  in  Nashville,  Tennessee,  Novermber 
1985.  Included  is  a  paper  fcy  Ibidunni  on  enhancing  corroded  hi^ 
strengtiii  lew  alloy  (HSIA)  and  stainless  steel  fracture  surfaces  by 
chemical  cleaning.  Another  included  paper  by  Venkataraman,  Nicholas 
and  Ashbauo^  discusses  the  fractography  of  Inoonel  716  that  had  been 
fatigue  tested  under  exmbined  major/minor  cycle  loading. 

logic  Metuoxks,  Fault  I’rees  and  Otiier  Approaches  to  Failure  Analysis 

4fs)  C.  W.  George,  ^Iwestigation  of  Failures  of  Aircraft  Qaiponents," 
Jcunial  of  .the  BiCTlncham  Metallurgical  Society.  1947,  pp.  308-338, 

George  developed  a  chart  in  vhich  he  divided  and  subdivided  various 
causes  of  failure  of  metallic  cxsiponents.  Failure  categories  included 
fracture  and  non-fracturTQ,  taiporature,  mechanical  (stress)  and 
corrosion  (enviixDhment) ,  and  defects  in  design,  mareifacturing  and 
assembly. 


47)  J.  A.  Oollins,  B.  T.  Hagan  and  H.  M.  Bratt,  "The  Failure-  Ekperiei'ioe 
Matrix  -  A  Useful  Design  Tool,"  Transactions  of  the  A9HE  ~  Joi.imal  of 
En^tineerinq  for  Industry.  Vol.  98,  August  1976,  pp.  1074-1079. 

Oollins,  Hagan  and  Bratt  described  a  method  they  called  the 
"failure-experience  matrix."  This  matrix  was  a  tiuee  dimensicaaal 
array  of  cells,  with  failure  modes  along  ojxa  axis,  ccstponent 
mechardcal  function  along  a  seccxvd  eucis  and  corrective  actions  taken 
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along  the  third  axis.  'Ihe  matrix  was  used  to  help  categorize  failure 
analysis  data  for  a  large  number  of  failed  heliocpter  oQn|xx>ents. 

Even  so,  the  matrix  was  sparsely  populated.  If  more  data  were 
available,  a  designer  could  enter  the  matrix  with  a  ocitponent  of 
particular  functicai  and  easily  find  out  the  kncwn  failure  modes  and 
possible  corrective  actions. 

48)  M.  R.  Louthan,  Jr.,  "Fault  Tree  Technique  ai^d  Failure  Analysis," 
Metallography.  Vol.  11,  1978,  fp.  33-42. 

louthan  ^aplied  Fault  Tree  techniques  to  the  failure  analysis  of  hi^ 
strength  low  alloy  (HSIA)  steels,  enphasizing  stress  corrosion 
cracking  and  hydrogen  embrittlement.  He  defined  a  fault  tree  to  be  "a 
graphical  technique  that  provides  a  systematic  descriptiai  of  the 
oonibinatia:is  of  possible  occurrences  in  a  system  vhich  can  result  in  a 
fault  or  undesired  event,"  in  this  case,  a  failure. 

49)  C.  M.  Jackson,  R.  A.  Wood,  D.  N.  Williams,  J.  H.  Payer,  W.  E.  Berry 
and  J.  P.  Dimmer,  "The  Application  of  Kepner-Tregoe  Methodology  to  the 
Root-CSiuse  Failure  Analysis  of  Boiler  Tubes,"  Failures  and  Inspecticai  of 
Fossil-Fired  Boiler  Tubes;  1983  Oonferenoe  and  Workshop  (Proceedings),  EFKE 
Peport  CS-3272,  Deoeanber  1983,  pp.  3-1  to  3-17. 

Jackson  et  al.  applied  Kepner-Tregoe  methodology  to  the  failure 
analysis  of  boiler  tubes.  They  used  Kepner-Tregoe,  a  systematic 
problem-solving  methodology,  to  help  identify  the  root  cause  of 
failure,  in  addition  to  identifying  thie  mode. 

50)  A.  C.  Raghuran  and  A.  R.  Shamal,  "Failure  Analysis  -  Present  Qano^pts 
and  FViture  Perspectives,"  Advances  in  Fracture  Research  f Fracture  84) .  Vol. 
6,  ftirgaiton  Press,  1986,  pp.  3903-3917. 

Raghurari  and  Shamala  reviewed  tlie  fault  tree  technique  and  the  failure 
experience  jnatrix  as  applied  to  failure  analysis.  Again,  the  esphasis 
was  to  go  beyond  detemuning  tiie  mode  of  fracture,  to  the  root  cause 
of  the  failure,  then  using  ^lis  information  effectively  to  help 
prevent  fbture  failures. 

51)  B.  W.  Smith  and  R.  A.  Grove,  Failure  An<Uvsis  of  OomTOsite  Structural 
Materials.  Final.  Report  An'JAlrTR-87-4001,  Air  Force  Vftri^t  Aeronautical 
Laboratory,  Air  Forcse  Systems  Qamnand,  Wright-Pattei'son  Air  Force  Base, 
Ohio,  May  1987,  pp.  129-134. 

smith  and  Grove  applied  failure  ar»alysis  logic  networks  (FAIN)  to  tlie 
failure  analysis  of  co«posite  materials.  Logic  networks  are  related 
to  fault  trees  and  flow  dvarts,  in  that  they  can  help  guide  failure 
analysts  through  tlie  various  non-destructive  and  destructive  analysis 
techniques  and  procedures  that  are  available. 
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Ctufniterized  Data  Bases 


A  nvBtiber  of  ocnputerized  data  bases  exist.  Both  titles  and  abstracts 
are  available,  and  searches  can  be  limited  by  the  use  of  key  words. 
Probably  the  best  way  to  access  and  search  these  data  bases  is  with 
the  help  of  a  technical  library,  since  these  libraries  are  equipped 

and  staffed  to  do  this.  The  systems  are  usually  interactive  in  nature 
and,  if  desired,  real  time  searches  can  be  made  in  the  presence  of  the 
failure  analyst.  Selected  potentially  useful  data  kases  that  are 
available  throu^.  the  Dialog  system  are  briefly  summarized  below  in 
alphabetical  order: 


AEROSPACE  DATABASE 


File  108 


Coverage: 
File  Size: 
Provider: 


1962  to  the  present 
1,500,000  records 

American  Institute  of  Aeronautics  and 
Astronaxitics/Technical  Information  Service 


The  AEROSPACE  DATABASE  provides  references,  abstracts,  and 
oontrolled-vocabulary  indexing  of  key  scientific  and  technical 
documents,  as  well  as  books,  reports,  and  conferences,  cxsvering 
aerospace  research  and  develcpment  in  crver  40  countries  including 
Japan  and  Ooiatiunist-bloc  nations.  The  AEROSPACE  DATABASE 
combines  in  cro  database  two  publications: 

Scientific  and  Technical  Aerc^naoe  Reports  (STAR) .  produced  by 
the  Nati<ml  Aeronautics  and  ^ce  Administration  (NASA) ,  and 
International  Aerostjace  Abstracts  flAA^ .  produced  fcy  AIAA  under 
contract  to  NASA. 


OOMKJIDEX 


File  8 


Coverage;  1970  to  the  present 

File  Size;  1,616,000  records 

Provider:  Engineering  Information,  Inc. ,  New  York,  NY 

The  OQMRENCO  database  is  the  nadiine-readable  version  of  the 
Enctineerim  Index  (monthly/annual),  vhich  provides  abstracted 
inforrtatiw  from  the  world’s  sigjiificant  engineering  and 
tedmological  literature.  The  (XKJENCO  database  provides 
worldwide  coverage  of  approx  bra  tely  4,500  journals  and  selected 
government  resorts  and  books. 
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MEflADEX 


File  32 


Coverage:  1966  to  the  present  (Alleys  Index,  1974--present; 

Steels  Supplement,  1983-present) 

File  Size:  658,000  records 

Provider:  American  Society  for  Metals  (New  ASM  Internation¬ 

al)  ,  Metals  Park,  OH,  and  Uie  Metals  Society, 
London,  England 

Ihe  MEIADEX  database,  produced  by  ASM  International  and  the 

Metals  Society  (Irndon) ,  provides  the  most  cenprehensive  coverage 

of  international  literature  on  the  science  and  practice  of 

metallurgy.  Included  in  this  database  are 

Review  of  Metal  Literature  (1966-67) ,  Metals  Abstract  (1968  to 

present) ,  and  Alloys  Index  (1974  to  present) .  The 

Steels  Supplement  to  Metals  Abstracts  was  added  in  1983. 

WORLD  ALUMINUM  ABSTOACTS  File  33 

Coverage:  1968  to  the  present 

File  Size:  120,000  records 

Provider:  ASM  International,  Metals  Park,  OH 

WORLD  ALUMINUM  ABSTRACTS  provides  coverage  of  the  world's 
technical  literature  on  aluminum,  ranging  frem  ore  processing 
(exclusive  of  mining)  throu^  end  uses.  The  t'XMD  ALUMINUM 
ABSTRACTS  database  includes  information  abstracted  from 
approximately  1,600  scientific  and  tecJmical  patents,  government 
r^rts,  cxjnferenoe  proceedings,  dissertations,  books  and 
journals. 

Journals  and  Abstracts 


Technical  journals  and  abstoicts  ato  a  continuing  source  of 
informatioji  that  can  be  applied  to  failure  anlaysis  activities.  The 
tedmical  papers  contained  in  tiicse  journals,  however,  are  often  of 
specific  interest  to  a  few  ratlier  than  of  general  interest  to  many 
failure  analysts,  selected  tedmical  journals  and  abstracts  are 
listed  below  in  alpliabetical  order: 

ACTA  HSTALIXJRGICA;  an  international  jouimal  for  tlm  science  of 
materials.  (Text  in  Englisii,  irendi,  Ckjnnan)  1953,  Pergamon  Press, 
Inc. ,  Journals  Division,  Maxwell  House,  Fahvi&i  Park,  Elmsford,  NV, 
10523. 

ADVANCEO  MATERIALS  &  PROCESSES;  (.^Unerican  Society  for  Metals)  1985. 
ASM  Intematioml  Materials  InformaticMi,  Lfetals  Park,  Oil,  44073. 
Inco£poratii>g  (1930-1985):  Metal  Proenress. 
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ALLOYS  INDEX;  (Auxiliary  publication  to  Metals  Abstracts  and  Metals 
Abstracts  Index)  1974,  International  Materieils  Informatics,  Metals 
I^k,  CXI,  44073.  (Co-^xssor:  Institute  of  Metals,  landcn) 

CORROSICX?  ABSTRACTS;  abstracts  of  the  world's  literature  an  corrosion 
and  oorrxasics  mitigation,  1962.  National  Association  of  Oorrosicn 
Engineers,  Box  218340,  Houston,  TX,  77218. 

CPRRC^ICXI;  scientific  articles  on  corrosion  and  its  control,  1945. 
National  Association  of  Corrosion  Engineers,  Bc»£  218340,  Houston,  TX, 
77218. 

MATriKlAIS  PERHMPa>ICE;  articles  on  corrosion  science  and  engineering 
solutions  for  corrr^ion  problems.  1962.  National  Association  of 
corrosion  Engineers,  Box  218340,  Houston,  TX,  77218.  ForiKa:  titles; 
Materials  Rotection  &  Iterformance;  Materials  Protecticai. 

METAIICGRAHIY ;  an  iiitemational  journal  on  materials  structure  and 
behavior,  1968.  (International  Metallographic  Society,  Inc.)  Elsevier 
Science  Publishing  Co. ,  Inc.  (New  York) .  52  Vanderbilt  Ave. ,  New  York, 
NY,  10017. 

METMjS_  AEfflBACrs ;  (American  Society  for  Metals)  1968.  ASM 
International,  Materials  Information,  Metals  Park,  (3H,  44073. 

MSTALS  .ABgn^CTS  INtM;  (American  Society  for  {totals)  1968.  ASM 
International,  Materials  Informatioi,  Metals  Park,  OH,  44073. 

£myLO)3GlfflLimsAgriQNg.  A  -  MerAriPiyiY  and  hatirials 

S£[BN®?  1970.  (Ameriam  Society  for  Metals,  Materials  Information) 

ASM  International,  Metals  l^k,  OH,  44073.  (Oo-sponsor:  American 
Institute  of  Minii>g  Metallurigical  and  Petroleum  EngineerB,  Inc.). 
Supersedes  in  part:  Metallurctical  'iransactioas  whidi  was  formed  by  the 
merger  of:  American  Society  for  Metals,  Transactions  Quarterly  & 

T  M  S  Transactions. 


a  1967.  ftirgamon  Press,  Inc., 
Maxwell  House,  Fairview  Park,  Elmsford,  NY,  10523, 
Hill  Hall,  Oxford  0X3  OBW,  ES^laixi) . 


Journals  Division, 
(And  Keadington 
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Todmical  Scx^ieties  and  Institutes 

‘Tedinical  societies  and  institutes  foster  advances  in  failure  analysis 
and  fractography  through  published  journals,  by  sponsoring  technical 
conferences  and  synposiuns,  and  by  publishing  collections  of  technical 
papers  presented  at  conferences  and  syirposiuns.  The  American  Society 
for  Testing  and  Materials  (^TTM)  and  Ihe  American  Society  for  Metals 
(ASM  International)  are  prcsur^vnt  among  these.  Selected  technical 
societies  and  institutes  are  described  belcw  in  alphabetical  order: 

AMERICAN  INSmurE  OF  MINING,  METALIIIRGICAL  AND  FEIRDIEUM  ENGINEERS 
vAIME) 

345  E.  47th  St.,  14th  FI.,  New  York,  NY,  10017. 

(212)  705-7695 

Founded:  1871.  Msaiibers:  99,000.  Student  Gro.^:  157. 

Sections:  176. 

Professionals  in  the  fields  of  mining,  metallurgical  and 
petroleum  engineering.  CSojectives  are:  to  promote  the 
advancement  of  knowledge  to  the  arts  ard  sciences  involved  in  the 
production  and  use  of  minerals,  metals,  energy  sources,  and 
materials;  to  record  and  disseminate  develqxnents  in  these  areas 
of  technology  for  the  benefit  of  mankind.  Bestoi®  awards. 
Reorganized  in  1957  into  three  constituent  societies:  Society  of 
Mining  Engineers;  Ihe  Metallurgical  Society;  and  the  Society  of 
Ffetroleura  Engineers.  Established  fourth  constituent  society,  the 
Iron  and  Steel  Society,  in  1974.  Publications;  1)  Iron  and 
Steelmaker,  monthly:  2)  Journal  of  Metals,  monthly,  3)  Journal 
of  Petroleum  Technology,  monthly:  4)  Metallurgical  Transact icais, 
monthly;  5)  Mining  Engineering,  monthly.  Formerly:  (1957) 
American  Institute  of  Mining  and  Metallurgical  Engineers. 

AMERICAN  SOdETY  FOR  METALS  (ASM)  (NOW  ASM  INTERNATIONAI.) 

Metals  Park,  CH  44073 
(216)  338-5151 

Founded:  1913.  Members:  53,000.  Staff:  115.  Local  Groups:  256. 
Metallugists,  materials  enginee'^,  executives  in  metals  producing 
and  consuming  industries;  teachers  and  students.  Disseminates 
educational  inforvnation  about  the  manufacture,  use,  and  treatment 
of  metals  and  engineering  materials.  Offers  in-plant,  heme 
study,  and  intensive  courses  through  Metals  Engineering 
Institute;  conducts  conferences,  sestiinars,  and  lectures  on 
metals;  presents  awaxxJs  to  teachers  of  metallurgy  and  science 
awards  to  junior  and  senior  high  school  students  and  teachers; 
grants,  scholarsliips  and  fellowships.  Conducts  career 
devGl<¥ment  program.  Established  ASM  Foundatics^  for  Education 
and  Research.  Maintains  library'  of  9000  volumes  on  metallurgy. 


Sponsors  annual  Western  Metal  and  Tool  Exposition  and  Ccxiference 
(WESTEC) ;  Orange  Cjounty  Manufacturing  and  Metalworking  Ocxiference 
and  E)qx>sition  (Orcal  E>^) ;  Materials  Week;  Heat  Treating 
Conference/Workshcp.  Computerized  Services:  Infomatiai 
services.  Divisicns:  Electronic  Materials  and  Processing; 
Energy;  Heat  Treating;  Joining;  Materials  Science:  Materials 
Systems  and  Design:  Materials  Testing  and  Quality  Control; 
Mechanicel  Working  and  Forming;  Primary  Metalworking;  Society  of 
Carbide  and  Tool  Engineers;  Specialty  Materials;  Surface  Treating 
and  coating.  Publications:  1)  Advanced  Materials  and  Processes, 
monthly;  2)  ASM  Newsletter,  monthly;  3)  Metal  Abstracits,  monthly, 
4)  Metal  Progress  (now  Advanced  Materials  and  Processes) , 
monthly;  5)  Metallurgical  Transactions  A,  monthly;  6)  Metals 
Abstracts  Index,  monthly;  7)  Bulletin  of  Alloy  Phase  Diagrams, 
bimonthly;  8)  Journal  of  Materials  for  Energy  Systems,  quarterly; 
9)  Metallurgical  Transactions  B,  quarterly;  10)  Journal  of 
Applied  Metalworking,  semiannual;  11)  Journal  of  Heat  Treating, 

semiannual;  12)  Data  Book,  annual;  13)  Heat  Treating  B^ers  Guide 
and  Directory,  annual;  14)  Testing  and  Ir:spection  Buyers  Guide 
and  Directory,  annual;  also  publishes  Metals  Handbcxjk  and  over 
120  texts  on  metals  and  materials.  Formed  by  merger  of;  Steel 
Treaters  Club  (founded  1913)  and  American  Steel  Treaters  Society 
(founded  1918) .  Formerly:  (1920)  American  Scx:iety  for  Steel 
Treaters. 


ASIM 

1916  Face  St. ,  Philadelphia,  PA  19103 

(215)  299-5400 

Founded;  1898.  Members:  30,500.  Staff:  200.  Engineers, 
scientists,  managers,  professionals,  academicians,  cxxTSumers,  and 
skilled  technicians  holding  membership  as  individuals  in  or 
representatives  of  business  firms,  gcjvemment  agencies, 
educational  institutions,  and  laboratories.  Establishes 
voluntary  consensus  standards  for  materials,  prociuc±s,  systems, 
and  services.  Has  140  technical  committees  (each  having  five  to 
50  subooratiitte^) .  New  committees  are  organized  each  year  to 
keep  pace  with  technolc^gical  advances.  Sponsors  more  than  40 
syirposia  each  year;  issues  various  awards  for  significant 
contributions  in  research.  Has  develc^ed  more  than  7300  standard 
test  methods,  specifications,  classifications,  definiticais,  and 
rsoommeixJed  practices  new  in  use.  PublicaticHis:  1) 
Standardization  News,  monthly;  2)  Journal  of  Testing  and 
Evaluation,  bimoiithly;  3)  Conposites  Technology  and  Research, 
quarterly;  4)  Geotechnical  Testing  Journal,  quarterly;  5)  r.:ment. 
Concrete,  and  Aggregates  Jcjumal,  seraiannued;  6)  Book  of  AS'IM 
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Standards,  annual;  also  publishes  numerous  technical  pe^jers  and 
r^rts.  Formerly:  (1902)  American  Section,  Intematicaial 
Associaticai  for  Testing  Materials;  (1982)  American  Society  for 
Testing  and  Materials. 

BATELLE  MEMORIAL  INSTnUTE  (Research)  (EMI) 

505  King  Ave. ,  Oolumbus,  CXI  43201 

(614)  424-6424 

Founded:  1929.  Staff:  7400.  Noiprofit,  public  purpose 
organization.  Ocxiducts  scientific  research  on  a  ccxitract  basis 
for  industrial  firms  and  government  agencies  in  chemistry, 
biochemistry,  metallurgy,  physics,  energy,  ccarputer  technology, 
electronics,  nucleonics,  ceramics,  transportation,  educaticai  and 
training,  envirOTmental  quality,  medical  engineering,  urtan 
problems,  mechanical  engineering,  and  other  fields.  Maintains 
research  centers  in  C3eneva,  Switzerland;  Frankfurt/Main,  West 
Germany;  Richland,  WA;  and  (Oolumbus,  CXI.  COolumbus,  CXI 
laboratories  maintain  library  of  over  150,000  volumes;  other 
research  centers  also  have  library  facilities.  (Oonducts 
educational  programs  including  seminars  and  fellcwshijs. 
Subsidiary  corporation  works  to  stimulate  use  of  technological 
discoveries  in  industry.  Publications:  1)  Batelle  Today, 
5/Year;  2)  Annual  Ri^rt;  3)  Published  Papers  and  Articles, 
annual;  also  publishes  original  research  papers,  articles,  and 
abstracts. 


INIERKATIONAL  MEEALUOGRAPHIC  SOCIETY  (Metallurgy)  (IMS) 

P.O.  Box  2489,  Oolumbus,  CXI  43216 
(614)  860-3535 

Founded:  1967.  Members:  600.  Persons  and  firms  engaged  in 
epical,  electron,  and  X-ray  metallography,  ceramogre^hy, 
petrography,  micmxjgraphy  (including  plastics,  chemicals, 
petroleum,  aerosols) ,  and  their  allied  sciences.  Serves  as  a 
means  of  intematicnal  cxmimunicxition  among  scientists  in  these 
fields.  Makes  available  on  loan  a  metal lographic  exhibit  with 
award-winning  photcmicrographs.  Bestows  Sorhy  Award  annucilly  to 
an  internationally  recognized  cx>ntributor  to  the  field  of 
metcillography.  Publications:  1)  Metallography  (international 
journal) ,  quarterly,  2)  Sliplines,  quarterly;  3)  Directory, 
annual;  4)  Proceedings,  annual.  Also  known  as:  Intematiaial 
Microstructural  Analysis  Society. 
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NATIC^IAL  ASSOCIATiai  OF  CORROSION  ENGINEERS 
P.O.  Box  218340,  Houston,  IX  77218 
(713)  492-0535 

Fourded:  1943.  Members:  15,000.  Staff;  50.  Regional  Grcx^js;  6. 
local  Groins;  67.  Technical  society  of  engineers  and  scientists 
concerned  with  corrosion  and  its  prevention.  Conducts  research 
OTi  corrosion  control;  sponsors  short  courses  annually  at  colleges 
and  universities,  covering  subjects  such  as  coatings  and  linings, 
inspection,  inhibitors,  design  and  biological  factors,  surface 
treatment,  and  selection  of  materials.  Sponsors  techniccil 
seminars.  Maintains  accreditation  program  for  engineers  and 
technicians.  Operates  5000  volume  library;  bestcws  awards. 
Coarpaterized  Services:  Data  base.  Industrial  Grcx^as:  Corrosion 
Coordinating  Committee;  Corrosion  of  Military  Equipment; 

Corrosion  in  Oil  and  Gas  Well  Equipment;  Corrosion  Problems  in 
the  Process  Industries;  General;  Pipe  Line  Corrosion;  Protective 
Coatings;  Refining  Industry  Corrosion;  Utilities;  also  has  200 
technical  subgrotps.  Publications;  1)  Corrosion,  monthly;  2) 
Materials  Performance,  monthly,  3)  Corrosion  Abstracts, 
bimonthly;  4)  Corrosion  Abstracts  Yearbook;  also  publishes 
monografiTs  and  technical  books. 
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